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Abstract
All-multiwall carbon nanotube (MWNT) thin films are created by layer-by-layer (LbL)
assembly of surface functionalized MWNTs. Negatively and positively charged MWNTs
were prepared by surface functionalization, allowing the incorporation of MWNTs into
highly tunable thin films via the LbL technique. The pH dependent surface charge on the
MWNTs gives this system the unique characteristics of LbL assembly of weak
polyelectrolytes, controlling thickness and morphology with assembly pH conditions. We
demonstrate that these MWNT thin films have randomly oriented interpenetrating network
structure with well developed nanopores using SEM, which is an ideal structure of
functional materials for various applications. LbL-MWNT electrodes show high electronic
conductivity in comparison with polymer composites with single wall nanotubes, and high
capacitive behavior in aqueous electrolyte with precise control of capacity.
Of significance, additive-free LbL-MWNT electrodes with thicknesses of several
microns can deliver high energy density (200 Wh/kg) at an exceptionally high power of 100
kW/kg in lithium nonaqueous cells. Utilizing the redox reactions on the surface functional
groups in a wide voltage window (1.5 - 4.5 V vs. lithium) in nonaqueous electrolytes,
asymmetric electrochemical capacitors consisting of LbL-MWNT and either lithium or a
lithium titanium oxide negative electrode exhibit gravimetric energy density -5 times
higher than conventional electrochemical capacitors with comparable gravimetric power
and cycle life. Thin-film LbL-MWNT electrodes could potentially lead to breakthrough
power sources for microsystems and flexible electronic devices such as smart cards and e-
book readers, while thicker LbL-MWNT electrodes could expand the application of
electrochemical capacitors into heavy vehicle and industrial systems, where the ability to
deliver high energy at high power will be an enabling technological development.
Furthermore, nanoscale pseuduocapactive oxides and electrocatalysts were
incorporated into LbL-MWNT electrodes for energy storage and conversion. Inorganic
oxides such as MnO 2 and RuO 2 are incorporated to increase volumetric capacitance in LbL-
MWNT electrodes using electroless deposition and square wave pulse potential deposition
methods. Preliminary results show that we can increase volumetric capacitance of LbL-
MWNT/MnO 2 and LbL-MWNT/RuO 2 composite up to 1000 F/cm3 in aqueous electrolytes.
In addition, Pt and Pt/Ru alloy electrocatalysts are introduced into LbL-MWNT electrodes
using square wave pulse potential deposition, which show higher CO and methanol
oxidation activities. Tailored incorporation of metal and oxide nanoparticles into LbL-
MWNT electrodes by square wave pulse potential opens a new strategy for novel energy
storage and conversion electrodes with superior electrochemical properties.
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Chapter 1. Introduction and Background
1.1 Introductory Remarks and Technical Summary
Development of novel energy conversion and storage devices using nanotechnology and
science has been acknowledged as one of the most important technical issues in clean
energy applications. Since the efficiency of energy conversion and storage devices
primarily depends on the materials and structures utilized, synthesizing unique
nanomaterials and designing optimal nanostructures are essential to this research. Potential
advantages of nanostructured electrodes for fuel cells, batteries and electrochemical
capacitors include higher electrode/electrolyte contact area and faster charge/discharge
rates, ultimately leading to higher energy and power density of energy devices.
This thesis focuses on designing novel energy storage and conversion electrodes
using layer-by-layer (LbL) assembly with multiwall carbon nanotubes (MWNTs). Layer-
by-layer (LbL) assembly is a versatile thin-film fabrication technique which consists of the
repeated, sequential immersion of a substrate into aqueous solutions of complementary
functionalized materials. This work introduces MWNTs into LbL assembly via surface
functionalization of MWNTs, creating all-MWNT thin film electrodes. LbL assembled
MWNT (LbL-MWNT) electrodes are unique in that they yield distinct advantages such as
1) water-based or "green" electrode processing at ambient conditions, 2) elimination of
polymeric/insulating binding agents, surfactants and electronic carbon supports, and 3)
precise control of electrode thickness. In addition, the LbL method can be adapted to
virtually any 2D, 3D, or flexible substrate to increase electrode surface area for increased
energy and power.
This work examines the electrochemical characteristics of such composite LbL
electrodes in aqueous electrolytes, where it could precisely control both the capacity and
the electrochemical activity of the electrode. In addition, this work includes the energy and
power characteristics of such composite LbL electrodes in lithium nonaqueous cells as the
asymmetric electrochemical capacitors or batteries, where it could increase the energy and
power densities of LbL-MWNT electrodes. This thesis first reveals that the Faradaic
reactions of surface functional groups on functionalized MWNT electrodes can be accessed
in the wider voltage window (1.5 - 4.5 V vs. lithium) of a nonaqueous electrolyte, which
renders considerably higher energy and power capabilities than are available in aqueous
systems.
Micron-thick LbL-MWNT electrodes exhibit gravimetric energy densities of -200
Wh/kg at gravimetric power densities of -100 kW/kg. MWNT electrodes show a
significantly higher power capability than conventional and high-power battery electrodes,
where obtainable gravimetric energy densities drop sharply at gravimetric power densities
in the range from 10 to 100 kW/kg. Therefore, at gravimetric power densities greater than
100 kW/kg, MWNT electrodes provide much higher gravimetric energy densities than
conventional and high-power lithium battery materials. Moreover, it is demonstrated that
replacing lithium metal with a lithium titanium oxide (LTO) material can render next-
generation Li-metal-free electrochemical capacitors with energy densities considerably
higher than those of current electrochemical capacitors (1-5 Wh/kg). The gravimetric
energy of LTO/MWNT devices can be estimated to be -30 Wh/kg at -5 kW/kg assuming
packaged gravimetric energy density of practical devices being roughly 1/5 of gravimetric
electrode energy.
With these LbL-MWNT electrodes as a nano-framework, we further incorporate
nanoscale metal oxides with pseudo-capacitive properties and metal/metal alloy
nanoparticles with electrocataltyic properties using electroless redox deposition and square
wave pulse potential deposition. LbL-MWNT/MnO 2 nano-composite electrodes, created by
redox deposition of MnO 2 on the LbL-MWNT framework, show higher volumetric
capacitance of 246 F/cm 3 with good capacity retention up to an extremely fast scan rate of
1,000 mV/s. Furthermore, uniformly distributed nano-size RuO2 , Pt and Pt/Ru alloy were
successfully introduced into LbL-MWNT films via square wave pulse potential cycling.
Volumetric capacitance of LbL-MWNT/RuO 2 showed remarkable volumetric capacitance
over -1000 F/cm 3 in aqueous electrolytes, Pt/Ru alloy electrocatalysts showed considerably
higher specific activity for methanol oxidation compared to commercial Pt catalyst (Tanaka
Kikinzoku International, Inc.) of a comparable particle size and distribution. With all of
these distinct advantages and enhanced electrochemical performance, these LbL-MWNT
electrodes provide promising electrode materials for energy storage and conversion devices.
1.2 Electrochemical Systems: Batteries, Electrochemical Capacitors, and
Fuel Cells
Representative electrochemical energy storage and conversion systems include
batteries, electrochemical capacitors (ECs), and fuel cells1 . Even though fundamental
energy storage and conversion mechanisms are different, these electrochemical systems
show structural and operational analogies. Figure 1-1 shows the analogies of the three
systems. Basically, these electrochemical systems have negative and positive electrodes,
and these two electrodes are separated by electrolyte medium. Electrons are conducted
from negative to positive electrode through an external circuit, and corresponding ions are
separately migrated through electrolyte medium. Because electrochemical reactions -
generation and consumption of ions and electrons - only occur at the interface between
electrodes/electrolyte, fast electron and ionic transport thorough the electrodes is the key
parameter for high energy production.
In contrast to batteries and ECs, fuel cells are open systems where fuels such as
hydrogen and oxygen are continuously delivered to the electrodes (energy conversion
center) from storage tanks. Therefore, energy conversion in the electrodes and storage in
the tank are physically separated, and energy density of the system is determined by the
amount of fuels in the tanks. On the other hand, batteries and ECs are closed systems,
where both energy storage and conversion occur in the electrodes. In these systems, energy
density depends on active mass (batteries) or surface area (ECs) of the electrodes.
A Ragone plot is a chart developed to compare the energy and power performance
of various energy storage systems. In this plot, specific power (W/kg) is plotted versus
specific energy (Wh/kg) in both logarithmic scales to compare energy storage capacity and
rate capability of different systems. A Ragone plot of various electrochemical devices
(Figure 1-21) shows that fuel cells and batteries are considered as high energy
electrochemical systems. On the other extreme, conventional capacitors show high power
capability with low energy density. ECs, sometimes called a supercapacitor, can bridge the
performance gap between high-power capacitors and high-energy batteries. However, the
performance of electrochemical systems cannot compete with traditional energy systems
including the combustion engine and gas turbine, which have both high energy and power
capability. One strategy to increase the performance of electrochemical system is to design
hybrid systems connecting batteries/ECs or batteries/air fuel cells, which can combine the
1-3
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Figure 1-2. A Ragone plot of the various electrochemical energy systems compared to an
internal combustion engine and turbines. Adapted from Ref 1 (Chem. Rev. 104, 4245-4269
(2004)).
1.3 Comparison between Secondary Batteries and Electrochemical
Capacitors
Secondary (rechargeable) batteries and ECs are both electrochemical energy storage
systems for applications such as laptop computers, vehicles, and uninterruptible power
supplies (UPS)2 . Because their energy and power performance are fairly comparable, it is
interesting to compare the fundamental differences between electrochemical capacitors and
batteries both in their structures and energy storage mechanism. The battery stores energy
by using chemical reactions and can store a larger amount of energy than a capacitor can,
but it undergoes chemical changes between the charge and discharge process. A
representative secondary battery is the lithium-ion battery in which the positive electrode is
an oxide material including lithium and the negative electrode is generally graphite carbon
materials (Figure 1-3). During the charging process, lithium ions migrate from the positive
electrode to the negative electrode, where lithium ions intercalate into the graphite sheets.
During discharging, lithium ions are deintercalated from the graphite sheets, and migrate
and inserted into the cathode. On the other hand, the electrochemical capacitor stores its
charge physically, and it experiences no major change in the structure of the material in the
charged state. The electrodes of the capacitors contain an electrolyte, a fluid containing
positive and negative ions; and they store electrical charge at an electrode-electrolyte
interface (Figure 1-4)4. For this reason, activated carbon, which has an extremely porous
structure and a large surface area for storing the ions, is generally used for ECs.
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Figure 1-3. Schematic illustration of charging and discharging process of lithium ion
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capacitors.
Because of their differences in structure, the first fundamental difference between
the two technologies is the charge/discharge time. Lithium ion batteries take between
several minutes and up to several hours to recharge4 . In contrast, the charge time for the
electrochemical capacitors is on the order of a few seconds or less. The second basic
difference caused by the energy storage mechanisms is the life cycle of the two systems.
The chemical and mechanical changes during the charge/discharge in the battery system
limit their cycle life. For example, we can easily observe that the capacity of a laptop or cell
phone battery will decrease as time goes by. On the other hand, the charge/discharge in the
capacitor system is highly reversible and the charge/discharge can continue to millions of
cycles, because the charge is stored physically, with no chemical changes taking place.
Table 1-14'5 summarizes these differences between two systems. In addition, ECs and
batteries show the gap between the energy and power performance as shown by Ragone
plot (Figure 1-5). A major challenge in electrochemical energy storage systems is to bridge
the performance gap between ECs and batteries. Consequently, recent research efforts have
focused on designing new ECs to improve their energy capacity, and novel batteries to
enhance their power density.
102 102
Specific energy (ft kg-Il
Figure 1-5. A Ragone plot for batteries
2 (Nat. Mater. 7, 845-854 (2008)).
and electrochemical capacitors. Adapted from Ref
Characteristic Battery Electrochemical Capacitor
Energy storage mechanism Chemical (intercalation) Physical (adsorption)
Power limitation Reaction kinetics, electrical Electrolyte conductivity
conductivity, ion transport
Energy limitation Electrode mass Electrode surface area
Cycle life limitation Mechanical, chemical Side reactionsstability_______________
Charge/discharge time Several minutes ~ hours ~ Several seconds
Cycle life <5,000 >500,000
Specific Energy (Wh/kg) ~100 5
Specific Power (kw/kg) ~1 5-10
Table 1-1. Comparison of characteristics of secondary batteries and electrochemical
capacitors4 5 .
1.4 Electrode Materials for Electrochemical Capacitors
Electrochemical Capacitors (ECs) store energy at the electrode/electrolyte interface
through ion adsorption onto the electrode surface4. Because a high interface area can store
higher energy, high surface area activated carbons have been generally used. In addition to
surface area, high electrical conductivity, open porosity, and electrochemical stability are
important factors to reach high capacitances of ECs. Recently, nano-structured carbon
materials including carbon nanotubes, carbon fibers, and carbide-derived carbons have
actively been tested, and some of them succeed in showing enhanced performance due to
higher surface area and fine tuned pore size 5 ,6. Double layer capacitance can be described
according to equation 1-1:
C = cA/d Equation 1-1
Where F_ is the electrolyte dielectric constant, A is the surface area of the electrode
accessible to ions, and d is the distance between the electrode surface and the center of the
adsorbed plane of ions. The double layer capacitance for carbon materials is 5~20 pF/cm2,
and 50~150 F/g, depending on the electrolyte2 ,6. A cyclic voltammogram of a double layer
capacitive material, which has a characteristic rectangular shape, is presented in Figure 1-6.
The capacitance (C) of the electrode can be calculated from cyclic voltammmogram
according to equation 1-2:
C dQ I Equation 1-2
dV (dV / dt)
Where Q is the charge on the electrode, V is its potential, I is the current, and, (dV/dt) is the
potential scan rate. If we expresses current as current density based on mass or volume of
the electrode, then specific capacitance C (F/g) or volumetric capacitance C (F/cm3) is
easily attained.
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Figure 1-6. A typical cyclic voltammogram of double layer capacitive materials, which has
a rectangular shape.
In addition to double layer capacitance from carbon materials, higher capacitance
from reversible redox reactions from conducting polymers or metal oxides such as RuO2
and MnO2 can be applied for ECs (Figure 1-7)7. These fast reversible redox reaction on the
surface of active materials was defined as pseudo-capacitive process, which significantly
increased specific capacitances2 7 . Among pseudo-capacitive materials, ruthenium oxides
(RuO2) have been actively studied due to fast mixed proton/electron conducting properties.
High theoretical specific capacitance (1358 F /g) and high electrical conductivity (3x102
S/cm) lead specific capacitance of more than 600 F/g in acidic electrolytes7'8 . Surface sites
of ruthenium oxides are reversibly oxidized and reduced from Ru (II) to Ru (IV), and a
simultaneous exchange of protons occurs within 1.2V in acidic solution (equation 1-3)2.
However, specific capacitance show significant decrease at higher scan rates because of
proton depletion, and high cost limits its application for ECs .
RuO2 + xH* + xe- +- RuO 2 -(OH),, 0 < x < 2. Equation 1-32
Low-cost manganese oxides (MnO2) have attracted attention as promising pseudo-
capacitive materials. The charge storage mechanism is reversible oxidation and reduction of
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MnO2 with simultaneous surface adsorption of electrolyte cations C* (K*, Na') including
protons (equation 1-4)2,9. Theoretical specific capacitance of MnO 2 is ~1370 F/g based on
one-electron redox reaction per manganese 0 . However, this value can be achieved only for
ultrathin (on the nanometer scale) film or nano-sized particles due to the limited insertion of
cations on the surfaces. In addition, low electrical conductivity (1 0-5~10-6 S/cm)9 of MnO2
can become rate-limiting for high power applications. Consequently, maximizing
utilization of MnO 2 pseudocapacity and designing highly electrically conductive electrode
microstructure is critical to realize MnO 2-based ECs.
MnO2 + xC+ + yH* + (x+y)e-< MnOOCHy Equation 1-42,9
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Figure 1-7. Specific capacitance of various materials for ECs in the Literature. Adapted
from reference 7 (The Electrochemical Society Interface 17, 34-3 7 (2008)).
One promising approach to improve the performance of pseudo-capacitive metal
oxides is incorporating nano-sized materials into an electrically conductive carbon
framework (Figure 1-8)2, improving utilization of metal oxides and electrical conductivity
of the electrode. These carbon matrix/metal oxide nano-composite electrodes have been
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demonstrated with various kinds of carbons including carbon nanotubes, 1 1 - 4 carbon
nanofoam, 15'1 6and activated carbon, 17' 18 showing significant increase in performance. For
example, nano-sized RuO2/carbon composite specific capacitance over 850 F/gRu0 219, and
MnO2/template mesoporous carbon exhibits -600 F/gMn0 220. The key issues of these
composite electrodes are conformal coating of nano-sized metal oxides onto the carbon
matrix, enabling fully utilization of metal oxides, and inter-connected 3D network structure
including porosity ensuring fast electronic and ionic conduction trough the electrode. With
only optimized nano-composite structures, we can fully utilize high energy density of metal
oxides at high power density for real EC applications.
Nano-structured carbon matrix Nano-scale conformal coating of pseudo-
capacitive materials on carbon matrix
Figure 1-8. Strategy to improve both energy and power densities of electrochemical
capacitors. Nano-scale conformal coating of pseudo-capacitive materials on nano-
structured carbon matrix.
1.5 Layer-by-Layer Assembly
Layer-by-layer (LbL) assembly process21 is thin film formation technique based on
the alternating adsorption of positively and negatively charged species at ambient
conditions, as illustrated schematically in Figure 1-9. Thin film characteristics can be
controlled by deposition conditions such as pH of solutions and salt content, and post
treatments including heat-treatments and exposure to different pH condition. This LbL
assembly technique is versatile, allowing the incorporation of a broad range of inorganic
nano-objectives, metals and metal oxides as well as functional polymers. The LbL
assembly can create dense, pin-hole free, and conformal thin films on various geometric
supports at room conditions. These advantages make LBL multilayer films promising
electrode materials for use in fuel cells, batteries, electrochemical capacitors, solar cells,
and sensors.
Substrate
Polycation
Solution
Polyanion
Solution U
Figure 1-9. A schematic of alternating layer-by-layer assembly to create thin films on the
substrates.
There are several specific advantages gained by the use of LbL assembly in the
construction of the components for electrochemical devices. First of all, LbL assembly
offers very simple water based dip-, roll-, and spray-coating processes to create the desired
thin film electrodes or membranes on various kinds of substrates. A second advantage of
LbL assembly is that extremely thin film electrodes or solid electrolytes can be fabricated
with precise control of thickness. In addition, by applying the multilayer approach to the
combining electrodes and solid electrolytes, it is possible to consider completely flexible
thin film electrochemical devices. Moreover, patterning techniques developed for LbL
assemblies allow extension of these concepts to micro-power geometries for MEMS
(Micro-Electro-Mechanical Systems) and flexible electronics.
Finally, perhaps the most important contribution that this LbL technique can bring
to the development of electrochemical systems is the ability to control the interface
properties between the electrodes and electrolytes. As mentioned above, controlling
electronic and ionic properties throughout the interface is the key technique to enhance
energy and power performance of electrochemical systems. Since nano-objects including
polymers and inorganic materials in the LbL thin films are highly interpenetrated, these
LbL composite assemblies can be considered as nano-scale blend systems. When nano-
objects of electrodes and polymers of electrolytes are incorporated into LbL assembly,
nano-blended thin films allow maximization of interface area between electrodes and
interfaces without phase separation. In addition, it is possible to systematically control
porosities or introduce within specific regions of the film third materials including organic
or inorganic elements, enhancing electron conductivity and ion transport.
1.5.1 Layer-by-Layer Assembly with Functionalized Carbon Nanotubes
Carbon nanotubes (CNT) are promising electrode materials for electrochemical
systems such as fuel cells, 22-24 batteries25-27 and supercapacitors, 28 ,29, due to their unique
physical properties, including high electrical conductivity, high specific surface area,30'31
and superior chemical and mechanical stability. However, precipitation of CNTs into ropes
or bundles due to strong van der Waals attraction between CNTs limits processibility of
CNTs in solutions. To overcome these difficulties, various surface modifications of CNTs
have been employed, including chemical functionalization using strong acids, 32,33 71-7U
stacking interactions between the side wall and aromatic groups, 34-36  and polymer
wrapping of CNTs. 37-39 One simple and versatile method to assemble dispersed CNTs into
thin-films is using LbL assembly.2 1 Electrostatic LbL assembly in which functionalized
CNTs have been alternated with polymer electrolytes 23,40 ,41 for various electrochemical
systems been shown to exhibit improved network structures compared to conventional
electrodes, 23 ,4 0,41 and increased mechanical strength by realizing uniform nano-scale blends
without phase sepratoin.42,43
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Figure 1-10. Degree of ionization of PAA (upper left) and PAH (upper right) in solution as
a function of pH. Adapted from reference 46 (Macromolecules 38, 116-124 (2005)). pH-
dependent zeta potential of functionalized MWNTs (below). Adapted from reference 44
(Journal of the American Chemical Society 131, 671-679 (2009)).
In this thesis, negatively and positively charged MWNTs were created via chemical
functionalization of exterior surfaces to introduce MWNTs into an electrostatic LbL
system.44 The LbL assembly with weak polyelectrolytes such as poly(acrylic acid) (PAA)
or poly(allylamine hydrochoride) (PAH) exhibit tunable thickness, composition ratio, and
porosity by controlling the degree of ionization of polyelectrolytes with the pH of the
assembly solution.45-47 Functionalized MWNTs (MWNT-COOH and MWNT-NH 2) can be
treated much like weak polyelectrolytes with similar pH dependent behaviors. For example,
pH dependent zeta potential of MWNT-COOH and MWNT-NH 2 show analogy with pH
38
100 100
dependent degree of ionization of weak polyelectrolytes 4 6 such as PAA and PAH as
compared at Figure 1-10. In addition, Figure 1-11 shows the analogy of pH dependent
thickness behavior between weak polyelectrolytes 4 5 (PAA and PAH) and functionalized
MWNTs (MWNT-COOH and MWNT-NH 2). Therefore, it is postulated that functionalized
MWNTs can be directly incorporated into LbL multilayer films by electrostatic interactions
(Figure 1-12), and the thickness and morphology of the LbL films can be controlled like
weak polyelectrolytes by adjusting the assembly pH conditions. Unlike other LbL
assemblies containing CNTs as one of two or more components, these all-MWNT systems
incorporate MWNTs without including organic materials or polymer binders, resulting in
the direct formation of porous, all-carbon nanostructures with high surface area.
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Figure 1-11. Complete pH matrix (Left) showing the average incremental thickness
contributed by a PAH/PAA as a function of pH. Adapted from reference 45
(Macromolecules 38, 116-124 (2005)). pH dependent average bilayer thicknesses of
MWNT-NH 3*/MWNT-COO . Adapted from reference 44 (Journal of the American
Chemical Society 131, 671-679 (2009)).
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Figure 1-12. A schematic of layer-by-layer assembly of functionalized MWNTs. Modified
from reference 44 (Journal of the American Chemical Society 131, 671-679 (2009)).
1.6 Thesis Overview
In this thesis, electrodes for electrochemical energy storage and conversion devices
are designed using MWNTs and metal oxides and metal electrocatalysts based on LbL
assembly process. Nano-structured electrodes are systematically designed to control
interface properties between electrodes and interfaces, and to facilitate ionic and electronic
conduction throughout the electrodes. It will be demonstrated that these nano-structured
electrodes have superior electrochemical performance by various electrochemical tests
including cyclic voltammetry, charge/discharge test, rotating disk electrode test, and
chronoamperometry test.
In Chapter 2, all-MWNT thin films are created by layer-by-layer (LbL) assembly of
surface functionalized MWNTs. Negatively and positively charged MWNTs were prepared
by surface functionalization, allowing the incorporation of MWNTs into highly tunable thin
films via the LbL technique. Unlike other carbon nanotube/polymer multilayers and
composites that have been reported, these systems consist entirely of MWNTs, enabling the
creation of porous film morphologies with high surface area. The use of weak acid and base
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groups on the MWNT surfaces enable manipulation of structure and film thickness with pH.
Atomic force microscopy (AFM) and scanning electron microscopy (SEM) analysis show
that surface topology and the inner structure of MWNT thin films are interconnected
random network structures with physical entanglements, which is a promising ionic and
electronic conducting structure for ECs. The resulting all-nanotube structures have unique
electrochemical properties that scale linearly as a function of film thickness. An average
volumetric capacitance of 132 ± 8 F/cm3 in aqueous electrolytes was found; this value is
considerably higher than those of vertically aligned CNTs2 8 and conventional CNT
electrodes 6 as a result of the high CNT densities in the LbL-MWNT thin films.
Chapter 3 focuses on examining the energy and power capabilities of LbL-MWNT
electrodes in a nonaqueous solution of 1 M LiPF6 in ethyl carbonate and dimethyl
carbonate. With a lithium foil or a fully lithiated Li4Ti5 O1 2 composite as the negative
electrode, it is shown that the Faradaic reactions of surface functional groups on LbL-
MWNT electrodes can be better realized in wider voltage windows than in the aqueous
solution to yield considerably higher energy and power capabilities. LbL-MWNT
electrodes exhibit energy up to ~200 Wh/kg at very large power (100 kW/kg) in lithium
cells, which have energy density comparable to lithium rechargeable batteries, yet with the
kind of power density and lifetime associated with ECs. To avoid the safety issue of Li
metal for practical applications, LbL electrodes were also evaluated with a fully lithiated
Li 4Ti5 O1 2 (LTO) composite in an asymmetric hybrid cell. Moreover, it is demonstrated that
such high specific energy can be attributed to high packing density of nanotubes in the
electrodes, and the Faradaic reactions of surface oxygen- and nitrogen-containing
functional groups on MWNTs.
In chapters 4 and 5, pseudo-capacitive inorganic oxides such as MnO2 and RuO2 ,
electrocatalytic metal and metal alloys including Pt and Pt/Ru have been incorporated in
LbL-MWNT electrodes using electroless redox deposition (Chatper 4) and square wave
pulse potential deposition (Chapter 5) methods. LbL-MWNT/MnO 2 nano-composite
ultrathin film electrodes are created by redox deposition of MnO2 on LbL-MWNT matrix.
SEM and TEM analysis show that LbL-MWNT/MnO 2 thin films have uniform conformal
coating of nano-sized MnO2 on MWNT internetwork structure. These LbL-MWNT/MnO 2
electrodes show higher volumetric capacitance of 246 F/cm3 with good capacity retention
up to 1,000 mV/s due to fast access to electrons and ions throughout the electrodes. In
addition, uniformly distributed nanosize RuO2 were successfully introduced into LBL-
MWNT films via square wave pulse potential cycling. Volumetric capacitance of LbL-
MWNT/RuO 2 thin film electrodes was found to scale linearly as a function of the number
of square wave potential cycles, reaching over ~1000 F/cm3 in aqueous electrolytes.
Moreover, nano-scale Pt and Pt/Ru electrocatalys were introduced into LbL-MWNT films
using same method. These Pt/Ru nanoparticles inside LbL-MWNT electrode showed
considerably higher specific activity for methanol oxidation than did a commercial,
supported Pt catalyst (Tanaka Kikinzoku International, Inc.) of a comparable particle size
and distribution.
Chapter 6 examines the role of surface steps on Pt nanoparticles for methanol
oxidation reaction (MOR) and oxygen reduction reaction (ORR). The surface
characteristics of Pt nanoparticles of very comparable sizes is controlled and correlated
with the intrinsic activity for CO and methanol electro-oxidation. A linear relationship
between the intrinsic activity for MOR and the amounts of surface steps on Pt nanoparticles
is shown. Increasing step densities on Pt nanoparticles of ~2 nm can enhance specific
activity based on Pt ESA up to 200% towards electro-oxidation of CO and methanol. On
the other hand, ORR activity of Pt nanoparticles of ~2 nm is not influenced by surface steps
in contrast to MOR activity. CO annealing experiment, used to reduce surface steps on Pt
nanoparticles, does not affect ORR activity but considerably reduced MOR activity. It is
hypothesized that minority sites associated with surface steps, do not govern ORR activity
relative to majority terrace sites at high potentials relevant to ORR. This is in contrast to
minority sites involving surface steps, which have preferential adsorption of oxygenated
species at low potentials for MOR, dominate the MOR activity. The hypothesis is
supported by in-situ X-ray adsorption measurements as a function of potential. This
research suggests that strategies for increasing surface steps such as the n( 111)x( 111) type
on nanoparticles offer promise for finding new highly active electrocatalysts for electro-
oxidation of small organic molecules.
Finally, conclusion and perspective of LbL-MWNTs as electrode materials of
electrochemical systems are detailed in Chapter 7.
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Abstract
All multiwall carbon nanotube (MWNT) thin films are created by layer-by-layer
(LBL) assembly of surface functionalized MWNTs. Negatively and positively charged
MWNTs were prepared by surface functionalization, allowing the incorporation of
MWNTs into highly tunable thin films via the LBL technique. The pH dependent surface
charge on the MWNTs gives this system the unique characteristics of LBL assembly of
weak polyelectrolytes, controlling thickness and morphology with assembly pH conditions.
We demonstrate that these MWNT thin films have randomly oriented interpenetrating
network structure with well developed nanopores using AFM and SEM, which is an ideal
structure of functional materials for various applications. In particular, electrochemical
measurements of these all-MWNT thin film electrodes show high electronic conductivity in
comparison with polymer composites with single wall nanotubes, and high capacitive
behavior with precise control of capacity.
2.1 Introduction
Carbon nanotubes (CNT) are some of the most promising materials for the design of
functional thin films, including those for catalytic membranes1 ,2, actuation 3'4, and
mechanical thin film applications 5, and perhaps most importantly for a range of
electrochemical energy conversion and storage devices (such as fuel cells,6 8 batteries9-1'
and supercapacitors 12-14), due to their unique physical properties, including high electrical
conductivity, superior chemical and mechanical stability, and large surface area.
15
'"
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Controlling the architecture of CNT thin films at the nanometer and micrometer-scale is
critical to tailoring film properties and functionality17 . For example, functional films of
CNTs with vertically oriented geometries have been prepared using vapor deposition
12
,
1 8
,
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and filtration, 20 but it is difficult to make dense films with low porosity with these methods.
Nano-composites with polymer have been developed, 4,21 but limitations exist in the
processibility of CNTs in solution, as CNTs precipitate into ropes or bundles due to strong
van der Waals interactions between CNTs. Various surface modifications of CNTs have
been employed to disperse CNTs, including chemical functionalization using strong
acids, 22,23 n-n stacking interactions between the side wall and aromatic groups, 24-26 and
polymer wrapping of nanotubes.
27
-
29
One simple and versatile method to assemble dispersed CNTs into thin-films is
using layer-by-layer (LBL) assembly, 30 which consists of the repeated, sequential
immersion of a substrate into aqueous solutions of complementarily functionalized
materials. This technique can produce conformal ultrathin films and highly tunable
surfaces using various nanomaterials on geometric surfaces. Recently, electrostatic layer-
by-layer (LBL) assembly in which CNTs have been alternated with polymers7, 31,32 for
various energy storage and conversion devices been shown to exhibit improved networks
for electrochemical energy applications relative to conventional electrodes, 7,31,32 and
increased mechanical strength by preventing phase separation and realizing uniform nano-
scale blends.5'33.
In this work, we show, for the first time, the preparation of all MWNT thin films
based on the LBL assembly method. Multiwall nanotubes (MWNTs) chemically modified
to exhibit acid and base groups can be treated much like weak polyelectrolytes with
precisely controlled thickness. The LBL assembled thin films of weak polyelectrolytes
such as poly(acrylic acid) or poly(allylamine hydrochoride) exhibit tunable thickness,
composition ratio, and porosity by controlling the degree of ionization of polyelectrolytes
with the pH of the assembly solution, which ultimately affects chain conformation within
the film and film morphology. 34 ~36 Negatively and positively charged MWNTs have been
created via chemical functionalization of exterior surfaces. Negatively and positively
charged MWNTs have been functionalized on their exterior walls with carboxylic acid
groups23,37 yielding MWNT-COOH, and with amine groups 38,39 yielding MWNT-NH 2.
LBL MWNT films, which consist of well-dispersed MWNTs, has been produced by LBL
using stable dispersions of negatively and positively charged MWNTs (Scheme 2-1).
Unlike other multilayer assemblies that contain CNTs as one of two or more components,
these systems incorporate MWNTs without the incorporation of additional organic
materials; this difference can enable the development of 100% CNT thin films with
properties that can be manipulated using assembly conditions. In particular, the irregular
shape of the CNTs enables the direct formation of porous, all-carbon nanostructures with
high surface area. MWNT thin films show pH-dependent thickness and surface topology,
which are characteristics of LBL thin films of weak polyelectrolytes. We demonstrate that
the surface topology and the inner structure of MWNT thin films are interconnected
random network structures with physical entanglements using atomic force microscopy
(AFM), scanning electron microscopy (SEM), and swelling experiments. Sheet resistance
and cyclic voltammetry measurements show that these MWNT thin films are promising
electrode materials for high-power and high-energy electrochemical devices.
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Scheme 2-1. Layer-by-layer assembled MWNT thin film with positively and negatively
charged MWNTs
2.2 Experimental Section
Functionalization of Negatively and Positively Charged MWNTs (Scheme 2-2).
MWNTs prepared by a conventional CVD method were purchased from NANOLAB (95%
purity, length 1-5 [tm, outer diameter 15 ± 5 nm). MWNTs were refluxed in concentrated
H2SO4/HNO 3 (3/1 v/v, 96% and 70%, respectively) at 70 *C to prepare carboxylic acid
functionalized MWNTs (MWNT-COOH), and then washed with deionized Milli-Q water
(18 MQ-cm) water several times using nylon membrane filter (0.2 pm). Dried carboxylated
MWNTs were chlorinated by refluxing for 12 h with SOCl2 (Sigma-Aldrich) at 70 *C.
After evaporating any remaining SOCl 2, amine functionalized MWNTs (MWNT-NH 2)
were obtained by reaction with NH2(CH 2)2NH2 (Sigma-Aldrich) in dehydrated toluene
(Aldrich) for 24 h at 70 *C. After washing with ethanol and deionized water several times,
MWNT-NH 2 powder was obtained from drying at 50 *C in vacuum for 24 hr.
Layer-by-Layer Assembly of MWNT Thin Films. Dried MWNT-COOH and MWNT-
NH2 powders were sonicated using a Branson Bransonic 3510 ultrasonic cleaner (40 kHz)
in Milli-Q water (18 MO-cm) for several hours to form stable dispersions. These solutions
were subjected to dialysis against Milli-Q water for several days to remove any byproduct
and residual during functionalization. The concentrations (0.5 mg/ml) and pHs of solutions
were precisely adjusted after dialysis, and resulting solutions were sonicated briefly prior to
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LBL assembly. MWNT films were fabricated with a modified Carl Zeiss DS50
programmable slide stainer on various substrates. Substrates were first dipped into a
MWNT-NH 2 solution for 30 minutes, then three baths of Milli-Q water for 2, 1, 1 minutes
each. The substrates were then exposed to a MWNT-COOH solution for 30 minutes, and
washed in three baths of Milli-Q water for 2, 1, 1 minutes each. This cycle makes one
bilayer of MWNT-NH2 and MWNT-COOH, denoted (MWNT-NH 2/ MWNT-COOH). The
cycle was repeated to reach the desired number of bilayers of MWNT thin films. To
exclude the effect of gradual precipitation of MWNTs in the solutions after long
timeframes (several days), a disk magnetic stirrer (VWR International) under the dipping
bath was installed, which allowed the circulation of MWNT solution upon layering on the
substrate and thus rendered uniform and high quality MWNT thin films on the substrate.
Characterization. The surface chemistry of functionalized MWNTs was analyzed using a
Kratos AXIS Ultra Imaging X-ray photoelectron spectrometer (XPS). All spectra were
calibrated with the C Is photoemission peak for sp 2 hybridized carbons at 284.5 eV. Curve
fitting of the photoemission spectra was done after a Shirley type background subtraction.
The zeta potential as a function of pH was measured using a Zeta PALS (Brookhaven
Instrument Corp.) to determine the effect of surface charge on MWNT dispersions.
Thickness of MWNT thin films on silicone wafers was determined using a Tencor P-10
profilometer. Surface topology of MWNT thin films was examined using an AFM
microscope (Digital Instruments EnviroScope, Veeco) in the tapping mode in the air. The
root-mean-square (RMS) roughness of the LBL films was examined from AFM images
with a size of 4 x 4 pm2 . Surface morphology and interior structure of MWNT thin films
were investigated using a scanning electron microscope (JEOL 6320 SEM) operating at 3.0
and 5.0 kV. Refractive indices of MWNT thin films were determined using a J.A.Woolham
Co. VASE spectroscopic ellipsometer, and data fitting was performed with a Cauchy model
using the WVASE32 software package. Sheet resistances were measured for films
deposited on glass slides by using a standard four-point probe configuration (Signatone
model S-302-4). A series of 3-4 measurements were taken on each film, and the
measurements then were averaged to give the final reported value with the standard
deviation as an error range. A three-electrode cell was employed for electrochemical
measurements, where a saturated calomel electrode (SCE) (Analytical Sensor, Inc.) and Pt
wire were used as the reference and counter electrodes, respectively. MWNT thin films on
ITO coated glass slides were used as the working electrode. Cyclic Voltammetry was
performed between -0.25 and 0.80 V (SCE) at room temperature in 1.0 M H2 SO 4 solution
using a bipotentiostat (PINE instrument).
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Scheme 2-2. Synthesis scheme of (a) COOH and (b) NH 2 functionalized MWNTs
2.3 Results and Discussion
To introduce MWNTs into an electrostatic LBL system, negatively and positively
charged MWNTs were created via chemical functionalization of exterior surfaces.
Negatively charged MWNTs were prepared by oxidation with extremely aggressive acids,
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which could render oxygen-containing groups such as carboxylic acid groups on the
MWNT surface (MNT-COOH).23 37 Carboxylic acid groups (COOH) on the surface of
MWNTs exist as carboxylate anions (COO~) in aqueous solution, yielding negatively
charged MWNTs, (MWNT-COOH). Positively charged MWNTs were prepared by
introducing amine groups (NH2),38'39 which could be protonated over a broad pH range,
through the formation of amide bonds with COOH functionalized MWNTs and excess
ethylene diamine.
2.3.1 XPS Results of Surface Functionalized MWNTs
X-ray photoemission spectroscopy (XPS) elemental analysis was performed to
probe the surface functional groups on the modified MWNTs, as shown in Figure 2-la. The
Ols photoemission peak was clearly observed on COOH functionalized MWNTs and amine
functionalized MWNTs. The amount of surface oxygen-containing functional groups was
found to increase with longer oxidation time, as indicated by the increase in the Ois peak
intensity from oxidation time from 1 hr to 2 hrs. The XPS analysis of Cis spectra (Figure 2-
lb-e) show detailed surface functional groups on the MWNTs. An asymmetric peak from
sp2 hybridized carbons centered at 284.5 eV with an extended tail at the higher energy
region4o was generated for raw MWNTs, and the same form of the asymmetric peak was
used for all other fittings of the sp2 hybridized graphite-like carbons. Using this
asymmetric peak as a reference, the Cis peak of the oxidized MWNTs was fitted to five
Gaussian-Lorentzian shape peaks, which were attributed to sp3 hybridized diamond-like
carbons (285.2 ± 0.1 eV), C-O (286.2 ± 0.1 eV), carbonyls C=O (286.8 ± 0.2 eV),
hydroxyls C-OH (287.5 ± 0.1 eV), and carboxyls O=C-OH (288.9 ± 0.2 eV). 4 The
intensities of these peaks increased relative to sp 2 hybridized graphite-like carbons with
oxidation time (Figures 2-lb and 2-1c). After 2 hrs of oxidation, the MWNT-COOH
produced stable dispersions in water as a result of electrostatic repulsion between MWNTs
(Figure 2-2a). In the case of the 1 hr oxidation MWNTs, a stable dispersion in water was
not obtained, which could be the result of insufficient negative charges to prevent
aggregation and gravitational precipitation of MWNTs due to van der Waals interaction
between MWNTs. The XPS analysis of Cis and Nis of MWNT-NH 2 (Figures 2-le and 2-1f)
suggests the presence of amide bonds N-C=O (287.9 eV in C1 and 399.9 ± 0.1 eV in Nis),
and amines NH2 (NH 3*) (286.2 eV in Cs and 401.8 ± 0.2 eV in Nis)39, which indicate
successful introduction of primary amine groups via the formation of amide bonds.
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Figure 2-1. X-ray photoelectron spectroscopy (XPS) spectra of functionalized MWNTs.
(a) Wide scan survey, (b) raw MWNTs Cis spectra, (c) MWNT-COOH (lhr oxidation) Cis
spectra, (d) MWNT-COOH (2hr oxidation) Cis spectra, (e) MWNT-NH 2 Cis spectra, (f)
MWNT-NH 2 N1 spectra.
Figure 2-2. Optical images of (a) COOH(COO~) finctionalized MWNT solutions (1hr vs.
2hr oxidation). This picture was taken after 12 hours from sonication. (b) COOH(COO-)
functionalized MWNT solution (0.5 mg/ml) at pH 3.5 and NH2(NH 3+) functionalized
MWNT solution (0.5 mg/ml) at pH 2.5 in water. This picture was taken after 1 month from
the pH adjustment.
Examples of the MWNT solutions used for LBL assembly are also pictured in
Figure 2-2b. The pH of MWNT-COOH (0.5 mg/ml) and MWNT-NH 2 (0.5 mg/ml)
solutions were adjusted to pH 3.5 and 2.5 respectively after dialysis. The solutions
remained clearly dispersed even after one month following pH adjustment, suggesting that
stable dispersions were achieved in the MWNT solutions. No precipitation of MWNTs
was observed in the case of the MWNT-COOH solution, but some precipitation was noted
for concentrated MWNT-NH 2 solutions in the bottom of the glass vial after several days.
This suggests that the precipitation rate of positively charged MWNTs is much faster than
negatively charged ones due to weak electrostatic repulsion between the MWNTs-NH 2.
2.3.2 Surface Charge and LBL Assembly of Functionalized MWNTs
The surface charges on MWNTs are not only key to creating stable colloidal
dispersions, but are also required elements to achieving LBL assembled films. As shown in
Figure 2-3, the zeta potential of the MWNT-COOH was found to decrease with decreasing
pH due to the protonation of the COOH group on the MWNTs. On the other hand, the zeta
potential of MWNT-NH 2 decreased as the pH was increased due to changes in the degree
of ionization of the NH2 group on MWNTs. This behavior is very similar to weak
polyelectrolytes such as poly(acrylic acid) (PAA) and poly(allylamine hydrochloride)
(PAH).34 An interesting difference between PAA and MWNT-COOH is the difference in
the degree of ionization observed at low pH. The degree of ionization of the PAA solution
approaches zero," but MWNT-COOH still has enough negative charge to maintain stable
dispersions at pH 2 (approximately -30 mV). We speculate this difference comes from the
different backbone structures to which the COOH groups are attached. The sp 2
hybridization character of the MWNT backbone can yield a much lower pKa (pKa of
benzoic acid4 2 : 4.19)compared to that of PAA (pKa of propanoic acid 42 : 4.86), allowing
higher degrees of ionization at lower pH. Therefore, it is postulated that MWNTs can be
directly incorporated into multilayer films by electrostatic interactions (Scheme 2-1), and
the thickness and morphology of the resulting LBL films can be controlled like weak
polyelectrolytes by altering the assembly pH values.
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Figure 2-3. pH-dependent zeta potential of functionalized MWNTs. Each point of zeta
potential value was obtained by more than 10 measurements and error bars show standard
deviations.
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Figure 2-4. (a) Thickness of MWNT thin films under varying assembly pH conditions. The
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indicates MWNT thin films assembled from MWNT-NH2 at pH 2.5 and MWNT-COOH at
pH 2.5. (b) pH dependent average bilayer thicknesses. (c) Representative digital picture
image of assembled MWNT thin films on Si wafer from pH 2.5 (+) / 4.5 (-). Number on
image indicates the number of bilayer (n) in (MWNT-NH 2 / MWNT-COOH)n
Figure 2-4a shows the thickness of MWNT thin films at various pH conditions as a
function of the number of bilayers. Figure 2-4b summarizes the averaged bilayer thickness
for films assembled as a function of MWNT-COOH pH. Figure 2-4c shows representative
optical images of MWNT thin films on Si wafer from pH 2.5 (+) / 4.5 (-), where each film
has a characteristic reflective color corresponding to its thickness. The films darken with
increasing thickness and appear black at a thickness greater than 300nm. For convenience
of comparison, MWNT films assembled from MWNT-NH 2 at pH 2.5 and MWNT-COOH
at pH 3.5 will be denoted as pH 2.5 (+) / 3.5 (-). The pH of MWNT-COOH was varied
from 2.5 to 4.5 while fixing the pH of MWNT-NH 2 at 2.5 so as to maintain sufficient
positive surface charge. The thickness per bilayer of the MWNTs films increases as the pH
of the MWNT-COOH solution is decreased (Figure 2-4b). This increase in thickness from
pH 4.5 to 2.5 is likely due to the significant charge decrease of carboxylic acid
functionalized MWNTs from pH 4.5 to pH 2.5 as was proven by zeta potential
measurements (Figure 2-3). The lowered degree of ionization on the nanotubes may require
more adsorption of the negatively charged MWNTs to balance the positive charge for each
bilayer. Interestingly, weak polyions show similar behavior in layer-by-layer assembly,
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with bilayer thicknesses increasing when the degree of ionization of one of the
polyelectrolytes is lowered; however, the behavior in weak polyions is due to changes in
the conformation of polyelectrolyte chains from flat adsorbed coils to thick looped
structures on the top surface. The rigidity of carbon nanotubes would preclude such
changes in nanotube conformation on a molecular level; however, there may be differences
in the degree of interpenetration between deposited nanotubes based on the nanotube
charge density. The presence of fixed charges along the MWNT surface is influenced by
the acid-base equilibria of the acid and amine groups, leading to strong charge regulation
and an effective pKa that impacts shielding effects; however additional effects due to Van
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der Waals interactions, excluded volume, and osmotic effects may also be important, as
predicted theoretically for charged adsorbed layers.44 In this case, one would anticipate
higher degrees of nanotube interpenetration with increasing tube charge density, which
could also lead to thinner films with somewhat denser packing between nanotubes. Finally,
high charge densities may cause the nanotubes to adsorb in a slightly more flattened
arrangement on the oppositely charged surface due to electrostatic forces, leading to thinner
interpenetrated structures.
2.3.3 Microstructure of LBL Assembled, Surface Functionalized MWNT Thin Films.
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Figure 2-5. Atomic force microscopy (AFM) height images of (MWANT-NH 2/MWNT-
COOH)n thin films deposited at different pH conditions. (a) pH 2.5 ()/2.5 (-), (b) pH 2.5
(+) / 4.5 (-). Size of each image is 4 im x 4 ptm.
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Figure 2-5 shows tapping-mode AFM images of MWNT thin films assembled at
different pH conditions with increasing number of bilayers. All AFM images clearly show
that MWNT thin films have an interconnected network structure with separated individual
MWNTs, which have an average diameter of 15 ± 5 nm. Root-mean-squared (RMS)
roughness increases with the number of bilayers, showing similar behavior for different pH
conditions at the beginning stages. However, assembly from pH 2.5 (+) / 2.5 (-) shows a
steep increase of RMS roughness from 9 bilayers to 15 bilayers compared to other pH
conditions. Images of pH 2.5 (+) / 3.5 (-) condition were not shown because of the
resemblance of topography with the pH 2.5 (+) / 4.5 (-) condition. The higher roughness for
the pH 2.5(-) films can be explained by the higher thickness of the films and the fact that
the lowered surface charge density of the MWNT-COOH at pH 2.5 may lead to the looser
adsorption of larger numbers of MWNTs, as discussed above, resulting in rougher surfaces,
while the other two assemblies at higher MWNT-COOH pH show relatively uniform and
somewhat more densely packed MWNT network structures.
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Figure 2-6. Representative atomic force microscopy (AFM) phase image of a MWNT thin
film of 9 bilayers deposited at pH 2.5 (+) / 3.5 (-). Size of image is 4 pm x 4 pm.
The porous network structure of the LBL assembled MWNT thin films can be
contrasted with simple cast films of raw MWNTs. Figure 2-7 shows comparison SEM top
60
: 11 11 I'll 1. . 11 - - - . ........................................... .  .........  .  . .............. .... .. . ... .. ..... . ........... ....... .
view images of a cast film using raw MWNTs solution after 2 hours of sonication and a 20
bilayers MWNT thin film assembled at pH 2.5 (+) / 2.5 (-). The cast film of raw MWNTs
shows aggregation and alignment of bundles of MWNTs due to van der Waals interactions
and capillary forces. These films exhibit weak mechanical integrity, poor control of
thickness and dense packing, leading to diminishment of the available surface area of the
MWNTs. On the other hand, the LBL assembled MWNT films yield randomly oriented
individual MWNTs with well developed nano-scale pores, making MWNT thin films an
ideal electrode structure with mixed ionic/electronic conducting channels. These
differences come from the electrostatic repulsion between nanotubes that act against van
der Waals interactions that yield close packed aggregates, as well as the electrostatic cross-
linking between positively and negatively charge MWNTs during the LBL process that lead
to randomly oriented, kinetically driven CNT arrangements in the film. A cross-sectional
view of a MWNT thin film (Figure 2-8a) demonstrates the conformal and uniform nature of
the coating generated with LBL of MWNTs on silicon wafer, suggesting their application
to substrates without any geometric constraint. A torn film shown in the Figure 6a insert
reveals that most of the MWNTs in the film are not parallel with the substrate, but form an
interpenetrated structure with random orientations of the nanotubes. An angled cross-
sectional view was created by cutting films on a slant (Figure 2-8b); it more clearly shows
the internal structure of the film, proving that a highly interpenetrated and porous structure
is created. Since the MWNTs have intrinsically high electrical conductivity and higher
surface area, these porous network structures can work as fast electronic and ionic
conducting channels, providing the basis for design of the ideal matrix structure for energy
conversion as well as energy storage devices.
Figure 2-7. Comparison of the topology of MWNTs using scanning electron microscopy
(SEM) images. (a) Deposition of raw MWNT solution on silicone wafer after 2 hr
sonication. (b) LBL assembled MWNT thin film at (pH 2.5 (+) / 2.5 (-))20.
Figure 2-8. Scanning electron microscopy (SEM) images of MWNT thin films. (a) A
cross-section view of 15 bilayers of MWNT film (pH 2.5 (+) / 3.5 (-)), and (b) a titled
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cross-sectional view of a 20 bilayer MWNT film (pH 2.5 (+) / 4.5 (-)). White arrows
indicate the interface between silicone substrate and MWNT thin films.
To measure the porosity of MWNT thin films, we used a recently developed
model45 by Lee and co-workers with ellipsometry, which allows the estimation of porosity
from the refractive indices of materials in two different medium. MWNT thin films were
cross-linked by amide bond formation by heat-treatment at 150 'C in vacuum, and the
refractive index was measured in air and ethanol. To estimate the porosity we used the
equation (equation 2-2) derived from the most frequently used Lorentz-Lorentz mixing rule
of refractive index (equation 2-1). The estimated porosity range is about 35 ~ 43%
depending on the sample and its thickness. Figure 2-9 shows representative refractive
indices values in air and ethanol and the estimated porosity of MWNT thin films assembled
at pH 2.5 (+) / 4.5 (-). There was some difficulty in measuring the refractive index
accurately for the thicker samples assembled at lower pH, especially at pH 2.5 (+) / 2.5 (-)
due to high surface roughnesses and absorption, making it difficult to determine the optical
constant of thin films using spectroscopic ellipsometry.46
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Figure 2-9. Representative refractive indices of MWNT thin films assembled at pH 2.5 (+)
/ 3.5 (-) in air and ethanol, and the porosity calculated from equation 2-2.
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Here, n]2 is the refractive index of the mixture of 1 and 2. n, n2 and n3 are the refractive
indices of the MWNT thin films, air and ethanol respectively. (p and p2 are volume
fractions of each media.
2.3.4 Swelling Behavior and Mechanical Integrity of LBL Assembled, Surface
Functionalized MWNT Thin Films
The time-dependent swelling behavior of the MWNT thin film in water was
systematically investigated. When the thin film (156 ± 6 nm) was assembled at pH 2.5 (+) /
4.5 (-) on Si substrate was immersed in deionized water, small blisters were formed
immediately in the center region of the film, then quickly grew and coalesced to large
blisters which reached the boundary of substrate (Figure 2-10a-d). There is electrostatic
repulsion between the negatively charged MWNTs in the film due to charge imbalances
induced by a decrease in the degree of ionization of NH2 (NH3 ) groups, and increase of
COOH (COO~) groups in the water (pH 6.0), causing the film to swell. When the film is
supported on a substrate and swollen in water, then the film can expand freely in the
thickness direction, but it is confined laterally, creating strain in the lateral direction.
Unlike polyelectrolyte-containing LBL films, rigid MWNT films cannot undergo high
elastic strain to compensate for this stress. As a result, the generation of blisters and
delamination of the film from the substrate begins from the point which has a larger strain
energy compared to the adhesion energy between film and substrate to release excess strain
energy in the film. Although individual MWNTs are quite elastic (bending modulus is
about 30 GPa47 4), they cannot change their molecular conformations as polymers can due
to rigidity; however, physical entanglements between nanotubes exist in the films due to
their large aspect ratio and sinuous structure, allowing the film to maintain its mechanical
integrity in spite of the detachment from the substrate (Figure 2-10d). This physical
detachment from the substrate and expansion of the films via rearrangements of MWNTs in
the film could be a mechanism of releasing strain energy in the film.49 Gentle shaking of
the substrate lead to the isolation of free-standing MWNT films due to their weak
mechanical integrity. Part of the free-standing MWNT film was scooped from the water on
a glass slide, and while maintaining the integrity of the film (Figure 2-1Oe). To increase the
mechanical strength of the film and its adhesion to the substrate, thermally induced cross-
linking (150'C in vacuum) of the MWNT thin film was conducted, which created amide
bonds between the NH3* and COO~ groups. XPS peaks of Nis region (Figure 2-11) showed
a significant decrease in the ammonium peak after the heat-treatment, which indicates the
formation of amide bonds from charged ammonium groups.5 0 Figure 2-10f shows that this
cross-linked MWNT thin film is intact in water, which does not undergo swelling and
preserves its original shape. Thus, thermal cross-linking of the MWNT films not only
prevents swelling from electrolytes, but also provides mechanical strength and prevents lift-
off and delamination from the substrate, which are required properties for real applications
as electrodes for energy devices.
Figure 2-10. (a)-(d) Time-dependent water swelling behavior of MWNT thin film
assembled at pH 2.5 / 4.5, (e) Free-standing film collected on a glass slide tip. (f) Thermally
cross-linked film immersed after 24 hr in water. Note the structural integrity is maintained
after cross-linking of the MWNT film at 150 'C in vacuum during overnight.
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Figure 2-11. XPS spectra of the Nis region of a MWNT film of 10 bilayers assembled at
pH 2.5 (+) / 3.5 (-) before (a) and after (b) heating at 150 'C under vacuum for 12 hours.
2.3.5 Electrochemical Properties of LBL Assembled, Surface Functionalized MWNT
Thin Films.
The sheet resistance of the MWNTs thin films assembled at pH 2.5 (+) / 3.5 (-) on a
glass substrate was measured by a 4-point probe as a function of the number of bilayers
(Figure 2-12). The sheet resistance of as-prepared samples exhibit high values, thought to
be due to the disruption of the conjugated carbon sp2 orbitals on the MWNT exterior
surface with the formation of surface functional groups. The sheet resistance of LBL
MWNT samples was shown to decrease with increasing numbers of bilayers, suggesting
that the conductivity of the thin films increases with added layers. This effect may be
attributed to denser packing and more continuous intercolated pathways for electron
transport in the thicker films. The heat-treatment at 150 'C in vacuum decreased the sheet
resistance of LBL MWNT thin films roughly by one half, which could be attributed to
facilitated electron flow between adjacent MWNTs cross-linked via amide formation. A
subsequent heat-treatment at 300 'C in hydrogen atmosphere for 2 hr was used to bum off
residual surface functional groups on the MWNTs, enabling direct contact was achieved
between the electronically conducting MWNTs. This process led to a further decrease in
the sheet resistance of the MWNT thin film, showing an average of an 82% reduction
compared with as-assembled samples, as well as a film thickness that was slightly reduced
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by about 10%. Further increases in electrical conductivity may be possible by higher
temperature heat-treatments. To compare with other CNT electrodes reported previously,
the all MWNT LBL electrodes were found to have sheet resistivity on the order of ~0. 1
Qcm (~10 S/cm) after heat treatments. Although this resistivity is higher than those of
vertically oriented SWNT electrodes12 (0.01 Qcm, without surface functionalization) and
ultrathin conductive SWNT films (1.5 x 10-4 Qcm), 1 it is considerably lower than SWNT
polymer composite electrodes (1 Qcm).5 2 Also the electrical conductivity of all MWNT
LBL electrodes (Figure 2-12b) after heat-treatments is comparable or slightly higher than
similar functionalized MWNTs capacitor, 53 which showed electrical conductivity (2-8
S/cm) as function of oxidation time, and ~3 S/cm at highest capacitance (-60 F/g). The
high conductivity of the LBL electrodes can be attributed to the binder-free, all carbon
nanotube composition of the multilayer film and its unique, highly interconnected
morphology. These results show that heat-treatments of MWNT thin films after LBL
assembly can increase their electrical conductivity as well as their mechanical integrity
(Figure 2-10).
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Figure 2-12. (a) Sheet resistance of the MWNT thin films. (square) as-assembled MWNT
thin films assembled at pH 2.5 (+) / 3.5 (-). (circle) MWNT films after a thermal treatment
at 150 C in vacuum during overnight. (triangle) MWNT films after a second heat-
treatment at 300 C in H2 for 2 hours. (b) Corresponding electrical conductivity of the
MWNT thin films in S/cm obtained from the data in (a), electrode thickness and area.
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Figure 2-13. (a) Cyclic voltammograms obtained from MWNT thin films on ITO-coated
glass electrode (after the second heat-treatment) in 1.0 M H2 SO 4 at room temperature. A
scan rate of 50 mV/s was used. (b) Integrated charge from cyclic voltammograms vs.
thickness of film measured from profilometer.
Cyclic voltammograms of heat-treated MWNT thin films (0.7 cm x 2 cm) on ITO-
coated glass assembled at pH 2.5 (+) / 3.5 (-) were obtained in 1.0 M H2SO 4 solution as a
function of the number of bilayers (Figure 2-13a). The thickness dependent voltammetry
curves showed considerably rectangular shapes, which is indicative of capacitive behavior
of carbon materials. 14 Integrated surface charge from adsorbed and desorbed ions on
MWNT thin film electrode was found to scale linearly as a function of film thickness
(Figure 2-13b). An average capacitance of 132 ± 8 F/cm 3 (159 ± 10 F/g) was found and this
value is considerably higher than those of vertically aligned CNTs12 conventional CNT
electrodes14'53 as a result of the high CNT densities and well developed nanopores in the
LBL MWNT thin films. This result indicates the potential to gain precise control of charge
and energy storage in MWNT thin films by controlling the number of bilayers and film
thickness in the LBL assembly.
Figure 2-14. An optical image of a MWNT thin film of 10 bilayers assembled at pH 2.5 (+)
/ 3.5 (-) on PAH coated PDMS substrate.
Finally, to demonstrate the universality of the thin film application, a MWNT thin
film was deposited on a flexible polydimethylsiloxane (PDMS) substrate. Figure 2-14
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presents a 10 bilayer MWNT thin film assembled at pH 2.5 (+) / 3.5 (-) on PAH coated
PDMS. Because of the ultrathin thickness of the MWNT film, the coating remains
conformal and well-adhered even on a highly deformed PDMS substrate. This interesting
result shows the possibility to design flexible energy storage and conversion devices' 9
utilizing LBL assembled MWNTs as electrodes, electrical circuits, and current collectors.
2.4 Conclusions
Novel all-MWNT assemblies have been created through the alternation of surface
functionalized positively and negatively charged MWNTs using the layer-by-layer
technique. MWNT thin film assemblies show resemblance to LBL assembly from
conventional weak polyelectrolytes such as PAA and PAH, which allow control of
thickness and morphology by adjusting their conformation in the film via the manipulation
of assembly pH conditions. Although MWNTs cannot change their molecular level
conformation with changes in the local charge density due to their intrinsic rigidity, the
surface charge density of MWNTs could play an important role in controlling film
thickness and roughness by adjusting the charge reversal mechanism as well as the degree
of interpenetration. Inter-penetrating MWNTs in the assembly make networks that can
achieve high electronic conductivity, and the well-developed porous structures between the
MWNTs may create fast ion diffusion channels to facilitate ion transport. The potential to
achieve high capacitance in the MWNT thin films with precisely controlled capacity using
LBL makes these MWNTs assemblies promising for supercapacitor electrodes. Capacitor
performance tests including galvanostatic charge/discharge measurements and cycling tests
are ongoing with various substrates and electrolytes for supercapacitor applications. We
believe that these novel MWNT thin films fully utilize both advantages of intrinsic superior
properties of functionalized MWNTs and precise control of the LBL system can be used to
design ideal electrode materials for fuel cells, photoelectrochemical cells, batteries,
supercapacitors, and gas and bio-sensors.
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Chapter 3. Functionalized Carbon Nanotube Electrodes
for High-Power Energy Storage Applications
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Abstract
An increasing number of applications such as microsystems, portable electronic devices,
and load-leveling for hybrid vehicles, machineries and renewable energy require electrical
energy storage with high power capability. Here we report the use of functionalized
multiwall carbon nanotubes (MWNTs) in additive-free and high-packing-density electrodes
with thicknesses of several microns in lithium batteries. These electrodes can store lithium
up to a reversible gravimetric capacity of -200 mAh/g1ectrode by utilizing the redox
reactions of the surface functional groups on MWNT in the voltage range from 4.5 to 1.5 V
vs. lithium. In addition, they show power capabilities and cycle life comparable to those of
electrochemical capacitors. Combining the MWNTs as the positive electrode and a lithium
titanium oxide negative electrode results in an electrochemical storage device with
gravimetric energy -5 times higher than conventional electrochemical capacitors.
3.1 Introduction
A major challenge in electrical energy storage is to bridge the performance gap
between batteries and electrochemical capacitors by developing materials that can combine
the advantages of batteries, which store high energy in the bulk of active particles but are
rate-limited, and electrochemical capacitors- 3 , which deliver high power at the cost of low
energy storage by utilizing surface ion adsorption and surface redox reactions (referred to
as pseudo-capacitance). Lithium rechargeable batteries (-150 Wh/kgcen and -1 kW/kgcen)
have higher gravimetric energy but lower power capability than electrochemical capacitors
(-5 Wh/kgcen and -10 kW/kgceii)'. Power versatility in energy storage devices is crucial for
hybrid applications2. For example, though conventional batteries have been used in light
vehicles, hybrid platforms for heavy vehicles and machineries such as trucks demand
delivery of much higher currents, where higher energy and comparable power capability
relative to electrochemical capacitors is needed to meet this demand"2.
Considerable research efforts have been focused on increasing the power
characteristics of lithium rechargeable batteries by reducing lithium storage material
dimensions down to the nanometer scale4- 2 , which reduces the time of lithium diffusion
accompanying the Faradaic reactions of active particles. However, nanostructured lithium
storage electrodes5" 3 still have lower power capability than electrochemical capacitor
electrodes. On the other hand, workers have shown that the gravimetric energy of
electrochemical capacitors can be increased by employing electrode materials with
enhanced gravimetric capacitances (gravimetric charge storage per volt), which can result
from utilizing carbon subnanometer pores for ion adsorptioni'14 or employing the
pseudocapacitance of nanostructured transition metal oxides"- 7 . The high cost of Ru-based
oxides is prohibitive for many applications while the cycling instability of Mn-based
oxides17-19 remains as a major technical challenge. Considering these developments, a
promising approach is to utilize Faradaic reactions of surface functional groups on
nanostructured carbon electrodes that would store more energy than surface ion adsorption
on conventional capacitor electrodes' and also provide high-power capability.
3.2 Experimental Section
Materials. MWNTs prepared by chemical vapor deposition were purchased from
NANOLAB (95% purity, outer diameter 15 ± 5 nm). Carboxylated MWNTs (MWNT-
COOH) and amine functionalized MWNTs (MWNT-NH 2) were prepared and assembled
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onto indium-tin oxide (ITO) coated glass slides using processes described in detail
elsewhere 23 . The cross-sectional scanning electron microscope (SEM) images of MWNT
electrodes after the heat-treatments were obtained with JEOL 6320 SEM operated at 5 kV.
Fabrication of Layer-by-Layer MWNT Electrodes. MWNT-COOH and MWNT-NH 2
powder samples were sonicated for several hours in Milli-Q water (18 MQ-cm) to form a
uniform dispersion, and this was followed by dialysis via Milli-Q water for several days,
resulting in a stable dispersion of functionalized MWNTs solution (0.5 mg/ml). pH values
of the solutions were adjusted to pH 2.5 (MWNT-NH 2) and pH 3.5 (MWNT-COOH)
respectively, and the solutions were sonicated for 1 hour just before LBL assembly. All-
MWNT electrodes were assembled with a modified Carl Zeiss DS50 programmable slide
stainer. Details of LBL assembly of MWNT electrodes can be found elsewhere23.
Assembled LBL-MWNT electrodes were dried in air, and these films were then heat-
treated sequentially at 150 'C in vacuum for 12 hours, and at 300 'C in H2 for 2 hours to
increase mechanical stability.
X-ray Photoelectron Spectroscopy (XPS). A Kratos Axis Ultra XPS instrument (Kratos
Analytical, Manchester) with a monochoromatized Al Ka X-ray source was used to analyze
the surface chemistry of functionalized MWNTs and LBL-MWNT electrodes. The take-off
angle relative to the sample substrate was 90'. Curve fitting of the photoemission spectra
was performed following a Shirley type background subtraction. An asymmetric Cls peak
from sp2 hybridized carbons centered at 284.5 eV was generated for raw MWNTs. Using
this asymmetric peak as a reference, all other peaks were fitted by the Gaussian-Lorentzian
function. The experimental uncertainty on the XPS binding energy is ± 0.1 eV. Relative
sensitivity factors used to scale the peaks of C Is, 0 Is, and N Is were 0.278, 0.780, and
0.477, respectively.
Electrochemical measurements. Electrochemical measurements were conducted using a
two-electrode electrochemical cell (Tomcell Co. Ltd., Japan), which consisted of an LBL-
MWNT electrode on ITO coated glass, two sheets of microporous membrane (Celgard
2500, Celgard Inc., USA) and lithium foil as the counter electrode. LBL-MWNT electrode
2area of 100 and 50 MM was used for electrochemical measurements with Li foil and fully
LTO negative electrodes, respectively. The weights of LBL-MWNT electrodes were
determined from the area and the mass area density listed in SI information. The loading
density of LBL-MWNT electrodes ranges from 0.025 ~ 0.25 mg/cm 2 . A piece of aluminum
foil (25 pm thick and with 1mm x 7mm area in contact with LBL-MWNT electrode) was
attached to one edge and used as a current collector. The electrolyte solution was 1 M
LiPF6 dissolved in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC)
with a 3:7 volume ratio (3.5 ppm H20 impurity, Kishida Chem. Corp. Ltd., Japan). The
separators were wetted by the minimum amount of the electrolyte to reduce background
current. Cyclic voltammetry and galvanostatic measurements of lithium cells were
performed using a Solartron 4170 at room temperature.
Mass Determination of LBL-MWNT Electrodes. The area mass density (Ig/cm 2) of
LBL-MWNT electrodes after the heat-treatments was determined using a quartz crystal
microbalance (Masscal GI QCM/HCC), and the thickness was measured using a Tencor P-
10 profilometer, from which electrode weight and volume were obtained. The mass density
(0.83 g/cm 3) of the electrode was determined from the slope of the graph shown in
Supplementary Fig. Si. The thickness of each LBL-MWNT electrode was determined by
averaging the thickness at least three different locations on each electrode using the
profilometer. The volume of each electrode was determined by multiplying the thickness
and the geometric area of the electrode, and was converted to the mass using the density.
The porosity of MWNT electrodes was estimated to be -30% by considering a density of
- 1.2 g/cm3 for MWNT powder and a electrode density of 0.83 g/cm3. The area mass
density (pig/cm 2) of LBL-MWNT electrodes was determined using a quartz crystal
microbalance (Masscal GI QCM/HCC), and the thickness was measured using a Tencor P-
10 profilometer.
Sample Preparation and Transmission Electron Microscopy (TEM). For MWNT
powder sample preparation, raw and functionalized MWNTs were dispersed in Milli-Q
water using a Branson Bransonic 3510 ultrasonic cleaner (40 kHz) for 30 minutes. To
prepare LBL-MWNT electrodes for TEM observations, an LBL-MWNT electrode was
scratched with a spatula in Milli-Q water, and was subsequently dispersed ultrasonically for
10 minutes. Well-dispersed MWNT solutions were deposited on a lacey carbon grid and
dried in air for TEM observations. JEOL 2010 and JEOL 201 OF electron microscopes were
used for medium and high resolution imaging of the electrode samples. The JEOL 2010
uses a LaB6 thermal emission electron gun and the JEOL 2010F uses a field emission gun.
Both microscopes were operated at 200 kV and were able to ultimately achieve 0.19 nm
point-to-point resolution.
Li4 Ti5 O12 (LTO) Electrode Preparation. The Li4Ti5Oi 2 (LTO) was prepared using a
solid-state method with of Li2CO 3 (Alfa Aesar, 99.998%) and TiO 2 (Anataze, MTI
Corporation, 99.99%, particle size:5-10 nm). Li2CO 3 and TiO 2 were uniformly mixed (with
a weight ratio of Li to Ti is 4.2/5.0), and the mixture was pre-heated at 600 'C for 1 hour in
dry air. The product from the pre-heat-treatment was reground, pelletized, and then
reheated up to 850 'C in dry air. To make the electrode, 80 wt% LTO was mixed with 10
wt% SUPER-P* carbon black and 10 wt% polyvinylidene fluoride (PVdF) in N-methyl-2-
pyrrolidone (NMP). The mixture was cast on an aluminum foil with a doctor blade, which
and was dried in a vacuum oven at 60 'C for 2 hours and then at 110 'C for 12 hours. LTO
electrodes with an area of 2.36 cm2 (Average weight: 9.24 mg) were prelithiated by Li
metal prior to electrochemical testing with LBL-MWNT electrodes. After preconditioning
LTO by repeating lithiation and delithiation several times at 0.2 C (35 mA/g), lithiation was
stopped at about 70% of the full capacity for use in LTO/LBL-MWNT cells.
LiNio. 5 Mn1.50 4 (LNM) Electrode Preparation. The LiNio.5Mni.50 4 (LNM) was prepared
using two step solid-state method with of Li2 CO 3 and coprecipitated nickel manganese
oxide (molar ratio Ni:Mn=1:3). Li2CO 3 and nickel manganese oxide were uniformly mixed
(Lithium 3% molar ratio rich), and the mixture was heated first step at 1000 'C for 30 min
and was subsequently annealed at 700 'C for various times under atmospheric pressured
dry air or pressurized oxygen condition (atmospheric, 100 kPa and 200 kPa). To make the
electrode, 80 wt% LNM was mixed with 10 wt% SUPER-P® carbon black and 10 wt%
polyvinylidene fluoride (PVdF) in N-methyl-2-pyrrolidone (NMP). The mixture was cast
on an aluminum foil with a doctor blade, which and was dried in a vacuum oven at 60 'C
for 2 hours and then at 110 'C for 12 hours.
Composite Functionalized MWNT Electrode Preparation. Functionalized MWNTs
were mixed with PVdF dissolved in NMP at 50 *C. A black viscous slurry consisting of 80
wt % of MWNT and 20 wt % of PVdF was cast on an aluminum foil with a doctor blade.
NMP was evaporated at 100 'C under vacuum for 12 hours. The electrodes were punched
out into a disk with a diameter of 15 mm.
3.3 Results and Discussion
Here we report the use of an entirely different class of electrodes for lithium storage,
which are based on functionalized multiwall carbon nanotubes (MWNTs) including stable
pseudo-capacitive functional groups assembled using the layer-by-layer (LBL) technique2 .
These additive-free LBL-MWNT electrodes exhibit high gravimetric energy (200
Wh/kgeiecrode) delivered at an exceptionally high power of 100 kW/kglectrode in Li/LBL-
MWNT cells when normalized to the single electrode weight, with no loss noted up to
thousands of cycles. LBL-MWNT electrodes show significantly higher gravimetric energy
than not only electrochemical capacitor electrodes but also lithium battery electrodes at
gravimetric power greater than ~10 kW/kgelectrode. In addition, cells (analogous to
asymmetric electrochemical capacitors) consisting of LBL-MWNT and a lithiated
Li4Ti5 O12 (LTO) negative electrode have comparable gravimetric energy to
LTO/LiNio. 5Mni.50 4 cells21 at low gravimetric power but can deliver much higher energy at
higher power. Gravimetric energy and power at the cell level may be estimated by dividing
these values based on LBL-MWNT weight only by a factor of -522 . Furthermore, we show
that Faradaic reactions between lithium ions and surface functional groups on MWNTs are
responsible for high gravimetric energy found in Li/LBL-MWNT and LTO/LBL-MWNT
cells.
3.3.1 Physical characteristics and surface chemistry of LBL-MWNT electrodes
Stable dispersions of negatively and positively charged MWNTs were obtained via
functionalization of the exterior surfaces with carboxylic-acid (MWNT-COOH) and amine-
containing (MWNT-NH2) groups, respectively23 . Uniform MWNT electrodes on indium tin
oxide (ITO) coated glass (Fig. 3-la) were assembled using alternate adsorption of charged
MWNTs 23. The electrode thickness increases linearly with the number of positively and
negatively charged layer pairs (bilayers), as shown in Fig. 3-lb. The transparency of the
MWNT films decreased linearly with increasing thickness up to 0.3 m (Fig. 3-1b). The
films were then heat-treated sequentially at 150 *C in vacuum for 12 hours, and at 300 *C
in H2 for 2 hours to increase film mechanical stability and electrical conductivity23.
Combined profilometry and quartz crystal microbalance measurements give an electrode
density of 0.83 g/cm3 (Fig. 3-2) after the heat treatments, which is among the highest
densities of CNT electrodes reported24 ,25. Cross-sectional scanning electron microscope
(SEM) images showed that individual MWNTs are randomly distributed throughout the
film thickness, and MWNT films are uniform and conformal on the substrate (Fig. 3-1c).
Moreover, LBL-MWNT electrodes exhibit an interconnected network of individual
MWNTs (Fig. 3-1c inset) with well-distributed pores of -20 nm as revealed by
transmission electron microscopy (TEM) imaging of an LBL-MWNT electrode slice (Fig.
3-id).
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Figure 3-1. Physical characteristics of LBL-MWNT electrodes. a, A digital picture of
representative MWNT electrodes on ITO coated glass slides. The number on each image
indicates the number of bilayers (n) in (MWNT-NH 2 / MWNT-COOH).. b, Thickness of
LBL-MWNT electrodes as a function of the number of bilayers. A linear relationship was
shown for LBL-MWNT electrodes with thicknesses from 20 nm to 3 pm. Error bars show
the standard deviation of thickness computed from 3 samples for each thickness.
Transmittance measured at 550 nm as a function of the number of bilayers is shown in the
figure inset. Error bars show the standard deviation of transmittance computed from 3
measurements. c, A SEM cross-sectional image of an LBL-MWNT electrode on ITO
coated glass slide after the heat-treatments. A higher magnification image is shown in the
figure inset, which reveals that MWNTs are inter-tangled in the direction perpendicular to
the electrode surface. d, A TEM image of an LBL-MWNT electrode slice, which shows
pore sizes on the order of-20 nm.
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Figure 3-2. A plot of deposited area mass density (g/cm 2) vs. thickness for LBL-MWNT
electrodes on quartz crystal microbalance (QCM) substrates. The slope gives the mass
density (0.83 g/cm 3) of MWNT electrodes. Each area mass density value was obtained by 3
measurements using QCM and error bars represent the standard deviations. 5-8 thickness
measurements were taken at different positions of each sample using the profilometer.
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Figure 3-3. Surface chemistry of LBL-MWNT electrodes. a, XPS 0 Is and b, N Is
spectra of a representative LBL-MWNT electrode after the heat-treatments. Two peaks
(531.7 and 533.4 eV) were fitted in the 0 Is spectrum, which could be attributed to oxygen
atoms in the carbonyl groups and various other groups bound to the MWNT surface. The
nitrogen atoms were mostly in the form of amide groups centered at 400.1 eV. Two small
additional peaks suggest that some nitrogen atoms are pyridinic N-6 (398.5 eV) and tied in
oxidized-nitrogen-containing functional groups (402.3 eV).
X-ray photoemission spectroscopy (XPS) analysis of LBL-MWNT electrodes after
the heat-treatments revealed that significant amounts of oxygen-containing and nitrogen-
containing surface functional groups remained on the nanotube surface. The atomic
composition of a representative LBL-MWNT electrode consists of 85.7% carbon, 10.6%
oxygen, and 3.7% nitrogen. The presence of two distinct peaks (531.7 ± 0.1 eV and 533.4 ±
0.1 eV) in the 0 Is spectrum (Fig. 3-3a) could be attributed to oxygen atoms in the
carbonyl groups26,27 and various other oxygen groups (Fig. 3-4) bound to the edges26,28 of
graphene sheets of MWNT side walls. This is in agreement with high-resolution TEM
imaging of functionalized MWNTs, where many surface defects were found (Fig. 3-5). In
addition, the chemical environment of the nitrogen atoms in the LBL-MWNT electrodes
was mostly in the form of amide groups (Fig. 3-3b), as indicated by the N Is peak centered
at 400.1 eV 29 . Two small additional peaks in the N Is spectrum suggest that some nitrogen
atoms are pyridinic N-629 (398.5 ± 0.1 eV) and tied in oxidized nitrogen-containing
functional groups (402.3 eV)29.
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Figure 3-4. XPS 0 Is spectra of a representative LBL-MWNT electrode after the heat-
treatments. a, 0 is peaks were analyzed as following groups: carbonyl oxygen atoms in
amide, ester, and anhydride groups at 531.7 eV (group 1), oxygen atoms in ether and
hydroxyl groups at 532.4 eV (group 2), ether oxygen atoms in anhydride groups at 533.4
eV (group 3), and oxygen atoms in carboxylic acid groups at 534.2 eV (group 4). b, A
schematic identifying possible surface functional groups on functionalized MWNTs.
Figure 3-5. TEM images of the exterior wall structures of a, as-received MWNTs, and
MWNTs functionalized with b, MWNT-COOH and c, MWNT-NH 2. Amorphous regions
were observed on the surfaces of MWNT-COOH and MWNT-NH 2.
3.3.2 Electrochemical characteristics of LBL-MWNT electrodes
These surface functional groups can undergo Faradaic reactions as indicated by the
potential-dependent gravimetric capacitance obtained from cyclic voltammetry
measurements (Fig. 3-6a). Typical gravimetric capacitance of LBL-MWNT electrodes in
the voltage range from 3 to 4.25 V vs. Li is -125 F/g, which is comparable to values
reported for functionalized MWNTs 23,30 and porous carbon materials31,32 in aqueous
solutions (with a comparable voltage scale of 0 to -1.2 V vs. SHE). As LBL-MWNT
electrodes have no additives, the gravimetric capacitance normalized to electrode weight is
identical to that normalized to MWNT weight. Reducing the lower-potential limit from 3.0
to 1.5 V led to a significant increase in the gravimetric capacitance from -125 to -250 F/g
measured at 4.0 and 2.5 V vs. Li, which is greater than those of conventional composite
electrodes based on carbon31,33 in organic electrolytes. More interestingly, the gravimetric
capacitancies of LBL-MWNT electrodes in this study are comparable to those of electrodes
consisting of nanostructured Mn-based oxides (-40 wt% oxides) used in the electrode
composites despite the fact that higher capacitances normalized to active material mass (e.g.
up to -600 F/gMno2) 34 are reported. Furthermore, considering the LBL-MWNT electrode
density of 0.83 g/cm3, we obtain a volumetric capacitance of ~180 F/cm3 for LBL-MWNT
electrodes. Very Few studies have reported volumetric capacitance of entire electrodes, and
we note that this value is higher than that of nanostructured carbon (-50 F/cm3) in organic
electrolytes 31 and nanostructured MnO 2 electrodes (-150 F/cm 3) in aqueous electrolytes
reported previously'6 35 .
Recent studies have shown that carbonyl (C=O) groups can be reduced by Li* and
reversibly oxidized in the voltage range from -3.5 to -1.5 V vs. Li in aromatic carbonyl
derivative organic materials such as poly(2,5-dihydroxy-1,4-benzoquinone-3,6-
methylene)36 and Li2C6 0 63 7. Therefore, it is postulated that the doubled gravimetric
capacitance obtained from lowering the lower voltage limit of Li/LBL-MWNT cells (with
open circuit voltages of -3.2 V) from 3.0 to 1.5 V vs. Li can be attributed to the Faradaic
reactions of surface oxygen on LBL-MWNTs, such as C=OLBL-MWNT + Li + e <-+ C-OLi
LBL-MWNT, which can become accessible at voltages lower than ~3 V vs. Li.
The contribution of surface functional groups to the high energy storage densities of
LBL-MWNTs was further confirmed by comparing the specific capacitance of LBL-
MWNTs before and after exposure to 4 % H2 and 96 % Ar by volume at 500 "C for 10
hours. Gravimetric current and capacitance values of the LBL-MWNT electrode decreased
considerably (by 40%) after this heat-treatment, as shown in Fig. 3-6b. XPS analysis
showed that this high-temperature heat-treatment decreased the amount of surface oxygen
and nitrogen functional groups on MWNTs.. The intensities of distinct C Is peaks, which
were assigned to carbon atoms in C-N 3 9 or C-0 38 centered at 285.9 ± 0.1 eV, carbonyl
C=O27,38 groups at 286.7 ± 0.1 eV, and amide N-C=O or carboxylic COOR groups at 288.4
± 0.1 eV 39, was reduced greatly (by ~70 %) relative to those of sp2 (284.5 eV) and sp3
(285.2 eV) hybridized carbon38 after the heat-treatment, as shown in Fig. 3-6c. Therefore,
this experiment provides further evidence that the redox of surface oxygen and nitrogen
functional groups with lithium ions are responsible for the large gravimetric capacitance of
LBL-MWNT electrodes in organic electrolytes.
We show that MWNT surfaces and surface functional groups on MWNTs are better
utilized in LBL-MWNT electrodes than composite electrodes. The capacitance normalized
to MWNT weight for LBL-MWNT electrodes is 2.5 times higher than those of
conventional composite electrodes consisting of 80 wt% functionalized MWNTs and 20 wt%
binder, as shown in Fig. 3-6d. Considering MWNT-COOH and MWNT-NH 2 in the
composite electrodes have similar ratios of carbon to oxygen atomic percentages to LBL
electrodes (Table 6-1), this result suggests that LBL-MWNT electrodes can allow better
utilization of MWNT surface relative to composite MWNT electrodes with binder, which
can reduce ion adsorption and redox of surface functional groups by covering the surface of
nanotubes. In addition, the gain in the capacitance normalized to electrode weight for LBL-
MWNT (MWNT only) relative to composite electrodes is even higher (-3 times). More
interestingly, it should be mentioned that the advantage in the volumetric capacitance (-5
times) of LBL-MWNT electrodes over composite MWNT electrodes is far greater than that
in gravimetric capacitance due to a higher electrode density (0.83 g/cm 3 for LBL-MWNT
vs. 0.45 g/cm 3 for composite electrodes).
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Figure 3-6. Potential-dependent electrochemical behavior of LBL-MWNT and
functionalized MWNT composite electrodes measured in two-electrode lithium cells. a,
Cyclic voltammogram data of an LBL-MWNT electrode obtained with different upper- and
lower-potential limits. Reducing the lower-potential limit from 3 V to 1.5 V vs. Li resulted
in increased current and gravimetric capacitance. b, Cyclic voltammogram data of an LBL-
MWNT electrode before and after the 500 "C H2-treatment in 4% H2 and 96% Ar by
volume for 10 hours. c, XPS C Is spectra of an LBL-MWNT electrode before and after this
additional heat-treatment, which is shown to remove a considerable amount of surface
oxygen and nitrogen functional groups on the MWNT surface. d, Cyclic voltammogram
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data of an LBL-MWNT electrode and composite electrodes of MWNT-COOH and
MWNT-NH 2, where the LBL-MWNT electrode has higher current and capacitance
normalized to the MWNT weight than composite electrodes. The composite electrodes
consisted of 20 wt% PVDF and 80 wt% MWNT-COOH or MWNT-NH 2. Composite
MWNT electrodes were prepared from slurry casting and dried at 100 C for 12 hours
under vacuum. The thickness of the LBL-MWNT electrode was 0.3 tm, and those of
MWNT-COOH and MWNT-NH 2 composite electrodes are 50 and 30 pm, respectively.
The density of composite electrodes was ~0.45 g/cm 3.
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Figure 3-7. Cyclic voltammograms of conventional PVdF composite electrodes
consisting of a, MWNT-COOH powder and b, MWNT-NH 2 powder collected at 1 mV/s
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with different lower- and upper-potential limits. Similar to LBL-MWNT electrodes,
narrowing the voltage window to 3.0 - 4.2 V vs. Li resulted in lower specific currents and
capacitance values for composite MWNT-COOH and MWNT-NH 2 electrodes.
Relative Atomic Ratio of C, 0, and N
MWNT-COOH MWNT-NH2 LBL Electrode
O/C 0.11 0.18 0.12
N/C 0.11 0.04
Faradaic reactions of surface oxygen on LBL-MWNT: C=O + Li'+ e~ <-> C-OLi
Chemical composition of LBL Electrode: Co.850 0.1nNo.04
0.11 x 96500(A -sec/ mol)Estimated Capacity: =236mAh /g
12.52(g /mol) x 3600(sec/hr)
Table 3-1. Relative surface atomic ratio of C, 0 and N on functionalized MWNTs
(MWNT-COOH and MWNT-NH 2) and a representative LBL-MWNT electrode after the
heat-treatments, where were obtained from XPS data analysis. The estimated specific
capacity based on the chemical formula (Co.8 50 0. 1 No.04) of LBL-MWNT and proposed
Faradaic reactions betweens oxygen in the surface functional groups and Li ions is in good
agreement with experimental results (Fig. 3-8c).
The energy stored in LBL-MWNT electrodes in lithium cells increases linearly with
electrode thickness from increasing currents and charge from cyclic voltammetry
measurements (Fig. 3-8a and inset). For a given thickness, the current at -3 V was found to
increase linearly with sweep rate, indicating a surface-redox limited process (Fig. 3-8b),
which is in good agreement with the proposed mechanism of redox of functional groups
and ion adsorption on MWNT surfaces. Storing energy on the surfaces of MWNTs enables
LBL-MWNT electrodes to have a high rate capability, which was demonstrated using
galvanostatic measurements allowing direct comparison with the performance of high-
power battery materials. Gravimetric capacity of 0.3 gm electrodes was ~200 mAh/g at low
rates such as 0.4 A/g, which is in good agreement with the estimated capacity of LBL-
MWNT electrodes based on the proposed Faradaic reaction between Li and surface oxygen
(Co.8500 .1 No.04) measured from XPS (Table 3-1). Half of the gravimetric capacity (100
mAh/g) was retained at exceptionally high discharge rates of -180 A/g (corresponding to
full discharge in less than 2 seconds), as shown in Fig. 3-8c.
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Figure 3-8. Electrochemical characteristics of LBL-MWNT electrodes in two-
electrode lithium cells with 1 M LiPF6 in a mixture of ethylene carbonate and
dimethyl carbonate (volume ratio 3:7). a, Cyclic voltammogram data from electrodes
with different thicknesses collected at a scanning rate of 1 mV/s in the voltage range from
1.48 0.14 pm 1 mV/s
0.45 ± 0.02 pm
0.31 ± 0.01 pim
0.20 ± 0.01 Lm\
100 mV/s
25 mV/s
0.31 t 0.01 gmt.
1.5 to 4.5 V vs. Li. The integrated charge increases linearly with electrode thickness, as
shown in the figure inset. b, Cyclic voltammogram data of a 0.3 ptm LBL-MWNT electrode
over a range of scan rates. c, Charge and discharge profiles of an electrode of 0.3 ptm
obtained over a wide range of gravimetric current densities between 1.5 V and 4.5 V vs. Li.
Before each charge and discharge measurement for the data in Fig. 3-8c, cells were held at
1.5 V and 4.5 V for 30 min, respectively. It should be mentioned that the background
current from the cell apparatus and ITO coated glass was found to be negligible in
comparison to LBL-MWNT electrodes of 0.2 pm thick and greater (Fig. 3-10).
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Figure 3-9. Charge and discharge voltages for a, 1.5 pm and b, 3.0 pm LBL-MWNT
electrodes, respectively, obtained over a wide range of specific current densities in the
voltage range from 1.5 V to 4.5 V vs. Li. Before each charge and discharge measurement,
a 5o
cells were held at 1.5 V and 4.5 V for 30 min, respectively. Cyclic voltammogram data of c,
1.5 gm and d, 3.0 pm LBL-MWNT electrodes, respectively, over a range of scan rates.
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Figure 3-10. Background current of the cells with and without LBL-MWNT samples. a,
Cyclic voltammogram data of ITO coated glass with and without an LBL-MWNT electrode
(0.2 pm) collected at 1 mV/s, where significantly higher currents were noted for the LBL-
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MWNT electrode. b, Background current of the Li/ITO-coated-on-glass cell was found to
reduce during cycling at 1 mV/s. The data in orange are identical to the ITO-background
current shown in Figure S8a. c, Electrochemical stability of ITO-coated glass measured in
a two-electrode lithium cell with a Li foil as the counter electrode. The electrolyte was 1 M
LiPF6 in a mixture of EC and DMC (3:7 volume ratio). ITO can be reduced below 1.5 V
vs. Li, and then be reversibly oxidized. In all of the electrochemical testing performed in
this work, the lowest voltage has been set to be 1.5 V vs. Li to eliminate the reduction
current from ITO substrate.
3.3.3 Gravimetric energy and power densities, and cycle life of LBL-MWNT
A Ragone plot in Fig. 3-11 a shows the specific energy and power of LBL-MWNT
electrodes with thicknesses up to 3.0 m, which were utilized in the 1.5 - 4.5 V range.
Although the power capability of LBL-MWNT electrodes reduces somewhat with
increasing thickness, electrodes of -3.0 m can still deliver very high gravimetric energy
of -200 Wh/kgeectrode at large gravimetric power of -100 kW/kgelectrode, based on the single
electrode weight alone. At low power, their gravimetric energy (-500 Wh/kgeectrode)
approach those of LiFePO 4 and LiCoO 2 ''4O. At high power (greater than 10 kW/kgelectrode),
LBL-MWNT electrodes show higher gravimetric energy than carbon-nanotube-based
electrochemical capacitors (-70 Wh/kgelectrode reported by Futeba et al. ), nanostructured
lithium battery materials 5"13 and carbonyl derivative organic molecules 36,37 in the composite
electrodes. Remarkably, at exceptionably high power greater than 100 kW/kgeectrode, LBL-
MWNT electrodes exhibit higher energy than recently reported high-power lithium battery
materials4'4 1. It is interesting to note that the volumetric energy densities of LBL-MWNT
electrodes at high power (~80 kW/leectrode corresponding to 100 kW/kgeectrode) are on the
order of -200 Wh/lectrode (Fig. 3-12), which is higher than that of high-power lithium
battery electrodes reported recently 4.
LBL-MWNT electrodes can be tested over 1000 cycles without any observable loss,
as shown in Fig. 3-11 b. Additional cycling of a -1.5 pm LBL-MWNT electrode show no
capacity loss up to 2500 cycles even after the cell was left open circuit for 30 days (Fig. 3-
13). Correspondingly, the voltage profiles in the 1st and 1000th cycles to 4.5 V are nearly
unchanged (Figs. 3-11c and 3-14). TEM and XPS analysis of cycled electrodes (1000
cycles to 4.5 V, which was followed by additional 1000 cycles to 4.7 V vs. Li) provided
further evidence for the cycling stability, as no distinctive change was noted in the surface
atomic structure and surface functional groups after cycling (Fig. 3-15). The stability of
functional groups on the MWNTs is remarkable in comparison to considerable losses of
carbonyl derivative molecules within 50 to 100 cycles reported recently 36,37,42 . We
hypothesize that the cycling stability of LBL-MWNT electrodes can be related to strong
chemical covalent bonding of surface functional groups on MWNTs in contrast to gradual
separation between active carbonyl groups and carbon additives in the composite electrodes
during cycling.
Since a lithium negative electrode is not practical for real applications, we
investigated the use of LBL-MWNT electrodes with a fully lithiated Li4Ti5O12 (LTO)
composite electrode. Although the electrode gravimetric energy and power in LTO/LBL-
MWNT cells is decreased due to a lower cell voltage (Fig. 3-1 1d), the rate capability,
gravimetric capacity and capacity retention is comparable to cells with the Li negative
electrode (Fig. 3-16). More interestingly, while LTO/LBL-MWNT cells show comparable
gravimetric energy to LTO/LiNio.5Mni.50 4 (Supplementary Information) at low power but
they exhibit significantly higher gravimetric energy at power greater than 10 kW/kgeiectrode 2 1
(Fig. 3-11d and Fig. 3-17). Using a conservative assumption that the mass of the battery is
5 times greater than LBL-MWNT 22, which is higher than 2.54 typically used for
conventional lithium rechargeable batteries due to reduced electrode thicknesses (such as 3
microns) demonstrated in this study, LTO/LBL-MWNT storage devices are expected to
deliver -30 Wh/kgceu at -5 kW/kgcei. This value is significantly higher than that of current
electrochemical capacitors with gravimetric energy of -5 Wh/kgcei at -1 kW/kgcei1, 3 1.
Finally, symmetrical LBL-MWNT/LBL-MWNT cells (cell voltage varied from 0 V
to 3 V; with 1 M LiPF6 in ethylene carbonate and dimethyl carbonate mixture of 3:7 by
volume) show comparable power, but have much lower gravimetric energy than Li/LBL-
MWNT and LTO/LBL-MWNT cells (Fig. 3-11d). This is expected as symmetric cells
utilize only electrical double-layer capacitance (-95 F/g found in this study, comparable
with values of 70-120 F/g reported previously43 ) but cannot access charges associated with
the Faradaic reactions of oxygen-and nitrogen-containing surface functional groups on
functionalized MWNT.
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Figure 3-11. Gravimetric energy and power densities, and cycle life of LBL-MWNT
electrodes obtained from measurements of two-electrode cells. a, A Ragone plot for
Li/LBL-MWNT cells with different thicknesses (0.3 ~ 3.0 pm). Corresponding loading
density of LBL-MWNT electrodes ranges from 0.025 ~ 0.25 mg/cm2 . Only the LBL-
MWNT weight was considered in the gravimetric energy and power density calculations.
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Gravimetric energy and maximum power densities were reduced for the LTO/LBL-MWNT
cells subjected to the same testing conditions due to a lower cell voltage. b, Gravimetric
capacities of a Li/LBL-MWNT cell as a function of cycle number, which were measured at
a current density (-0.25 A/g) once every 100 cycles after voltage holds at the end of charge
and discharge for 30 min. Within each 100 cycles, these cells were cycled under an
accelerated rate of -2.5 A/g. c, The voltage profiles of a 1.5 Rm electrode in the 1st and
1000th cycles, where negligible changes were noted. d, A Ragone plot for Lithium/LBL-
MWNT (black squares), LTO/LBL-MWNT (green circles), LTO/LiNio.5Mn. 50 4 (gray
circles), and LBL-MWNT/LBL-MWNT (orange triangles) cells having 4.5 V vs. Li as the
upper-potential limit. The thickness of the LBL-MWNT electrode was 0.3 pm for
asymmetric Lithium/LBL-MWNT, LTO/LBL-MWNT, and 0.4 pm for symmetric LBL-
MWNT/LBL-MWNT.
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Figure 3-12. Ragone plot based on the unit volume of LBL-MWNT electrodes. The
samples used in the graph are the same shown in Fig. 3-1 1a. It should be noted that the
volumetric energy density of LBL-MWNT electrodes, is 2 to 5 times smaller than LiFePO 4
and LiCoO 2 electrodes due to a lower mass density (-0.8 g/cm3 for LBL-MWNTs vs. -4.0
g/cm3 for composite LiCoO 2 electrodes)
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Figure 3-13. a, Cycling of a 1.48 pm LBL-MWNT electrode show that cycling is stable up
to 2500 cycles, with no capacity loss even after the cell had been sitting for 30 days unused.
b, Corresponding Faradaic efficiency (discharge capacity / charge capacity) as a function of
cycle number. Capacities were measured at a current density (~0.25 A/g) once every 100
cycles after voltage holds at the end of charge and discharge for 30 min. Within each 100
cycles, these cells were cycled under an accelerated rate of~2.5 A/g.
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Figure 3-14. The change in the voltage profiles due to accelerated cycling at 2.5 A/g.
Charge and discharge voltage curves of LBL-MWNT electrodes upon cycling within the
voltage windows of a, 1.5 to 4.2 V and b, 1.5 to 4.5 V vs. Li. Measurements were obtained
at a lower rate of 250 mA/g once every 100 cycles.
100
404 402 400 398 396
Binding Energy (eV)
538 536 534 532 530 528
Binding Energy (eV)
Figure 3-15. Surface morphology and surface functional groups of LBL-MWNT
electrodes after cycling in lithium cells. a, TEM image, b, XPS N Is and c, 0 Is peaks of
an LBL-MWNT electrode after 2000 cycles (1000 cycles in the region of 1.5 to 4.5 V,
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followed by 1000 cycles from 1.5 to 4.7 V vs. Li). No visible change relative to LBL-
MWNT electrodes before cycling (Fig. 3-1) was noted.
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Figure 3-16. Rate capability of LTO/LBL-MWNT hybrid cells. a, Charge and discharge
voltages were obtained over a wide range of specific current densities for LBL-MWNT
electrode thicknesses of 0.3 pm. The voltage range of 0.0 - 3.0 V vs. LTO corresponds to
1.5 - 4.5 V vs. Li. c, Specific capacity as a function of cycle number, which was measured
at a current density (-0.7 A/g) once every 100 cycles after voltage holds at the end of
charge and discharge for 30 min. Within each 100 cycles, these cells were cycled under an
accelerated rate of -2.5 A/g.
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Figure 3-17. a, Charge and discharge profiles of an LTO/LiNio.5Mni.50 4 cell obtained at
various rates. The specific capacity is normalized to the weight of LiNio.5Mn 1.50 4 as LTO
has higher specific capacity (150 mAh/g) than LiNio.5Mni.50 4 (~120 mAh/g), and cell
capacity is limited by the capacity of LiNio.5Mn1 .50 4. b, A Ragone plot for Li/LBL-MWNT
(black squares), LTO/LBL-MWNT (green circles), and LTO/LiNio.5Mn1 .50 4 (orange
triangles) electrode. Only positive electrode weight was considered in the specific energy
and power density calculations. The LiNio.5Mni.50 4 electrode formulation is active material
(80 wt%), SUPER-P* carbon black (10 wt%) and polyvinylidene fluoride (PVdF) binder
(10 wt%). Specific power and energy is identical to gravimetric power and energy.
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3.4 Conclusion
In summary, LBL-MWNT electrodes, which are conformal, densely packed and
additive-free, can exhibit gravimetric energy up to -200 Wh/kgeectrode at gravimetric power
of ~100 kW/kgeectrode, where gravimetric energy and power at the cell level can be
estimated by dividing these values by a factor of ~5. The energy stored in the LBL-MWNT
electrodes can be controlled by the electrode thickness (Figure 3-8a inset) and upper
voltage limit (Figure 3-18). Lithium redox reactions with oxygen-and nitrogen-containing
surface functional groups on functionalized MWNT electrodes in organic electrolytes are
responsible for the observed high energy and power capabilities of LBL-MWNT electrodes.
This is in agreement with the fact that symmetric LBL-MWNT/LBL-MWNT cells have
relatively lower gravimetric energy, which is comparable to conventional electrochemical
capacitors 31.
To explain the storage mechanism of LBL-MWNT electrodes at high power, we
schematically illustrate the Faradaic reactions between surface oxygen functional species
and Li ions on an HRTEM image of the LBL-MWNT electrodes in Fig. 3-19, where
surface oxygen functional species can be accessed reversibly at high power as LBL-MWNT
electrodes provide good electronic and ionic conduction, and high surface area. Energy and
power capabilities of LBL-MVfWNT electrodes of a few microns in thickness demonstrated
in this work open new opportunities for the development of high-performance electrical
energy storage for microsystems, flexible and thin-film devices2.
These LBL-MWNT electrodes could potentially find applications in heavy vehicles
and heavy machineries, where the ability to deliver high energy at high power will be an
enabling technological development. Large-scale thicker electrodes of tens of microns can
be produced by a recently developed sprayed LBL system 44 that utilizes an automated
process, which can reduce assembly time dramatically (about 70 times faster than the
conventional dipping of LBL systems used in this study). Further research to the present
work is needed, namely validating the reported energy and power capabilities of MWNT
electrodes with thicknesses on the order of one hundred microns.
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Figure 3-18. a, Charge and discharge voltage profiles of an electrode of 0.3 pim obtained
with upper-voltage limits of 4.2 and 4.5 V vs. Li under constant current measurements. b,
A Ragone plot of electrodes with thickness of 0.5 gm having 4.2 V or 4.5 V vs. Li as the
upper-potential limit. Only the LBL-MWNT weight was considered in the specific energy
and power calculations. Specific power and energy is identical to gravimetric power and
energy.
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Figure 3-19. Schematic illustration of the energy storage mechanism of LBL-MWNT
electrodes. Faradaic reactions between surface oxygen functional species (orange arrows)
and Li were schematically illustrated on an HRTEM image of the LBL-MWNT electrodes.
XPS C Is spectra of the LBL-MWNT electrode is shown in the figure inset, which shows
various oxygen and nitrogen functional groups on the MWNT surface. Intact graphite
layers inside of the MWNTs (white arrows) were indicated as electron conduction channels.
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Chapter 4. Carbon Nanotube/Manganese Oxide
Ultrathin Film Electrodes for Electrochemical
Capacitors
Portions of this chapter are reprinted from Seung Woo Lee, Junhyung Kim, Shuo Chen,
Paula T. Hammond, Yang Shao-Horn, manuscript in preparation.
Abstract
Multiwall carbon nanotube (MWNT)/manganese oxide (MnO2) nano-composite ultrathin
film electrodes have been created via redox deposition of MnO2 on layer-by-layer (LbL)
assembled MWNT films. We demonstrate that these layer-by-layer assembled MWANT
(LbL-MWNT)/MnO 2 thin films consist of a uniform coating of nano-sized MnO 2 on the
MWNT network structure using SEM and TEM, which is a promising structure for
electrochemical capacitor applications. LbL-MWNT/MnO 2 electrodes yield a significantly
higher volumetric capacitance of 246 F/cm3 with good capacity retention up to 1,000 mV/s
due to rapid transport of electrons and ions within the electrodes. The electrodes are
generated with two simple aqueous deposition processes: the layer-by-layer assembly of
MWNTs followed by redox deposition of MnO2 at ambient conditions, thus providing a
straightforward approach to the fabrication of high power and energy electrochemical
capacitors with precise control of electrode thickness at nano-meter scales.
4. 1 Introduction
Electrochemical capacitors (ECs), sometimes called supercapacitors or ultracapacitors, are
electrical energy storage devices for various high power applications such as hybrid electric
vehicles and load-leveling. 1' 2 Due to the fast charge storage mechanism of double layer
capacitance, which is confined to the interface between the electrode and an electrolyte,
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ECs have higher power density (~10 kw/kg), but exhibit a lower energy density (~5 wh/kg)
than batteries 2. However, applications such as hybrid electric vehicles and load-leveling
demand significant increases in both energy and power density of electrochemical
capacitors to meet their performance and cost requirements.2'3
Conventional electrochemical capacitors generated with state-of-the-art electrode
materials such as high surface area carbon 2, 4-6 including activated carbon, carbon aerogel,
and carbon nanotubes 7 have stored energy densities measured in specific capacitance on the
order of -100 F/g and -50 F/cm 3 4, 8, 9 which linearly scales with electrical double layer
capacitance (EDLC) in ~20 microF/cm 2carbon and electrochemically active surface area. It is
very challenging to further increase the specific and volumetric capacitances of such
electrodes due to difficulties in controlling pore size, electrochemically active surface area
and surface chemistry. To increase the energy densities of electrochemical capacitorss,
metal oxides that undergo fast surface redox (pseudo-capacitive) reactions are employed.
Ruthenium oxide, RuO2, shows a high specific capacitance of -720 F/g'0 ' " in acidic
electrolytes due to its high electrical conductivity and pseudocapacitance with protons;
however, it also suffers from high cost. On the other hand, because of its low cost and
toxicity, manganese oxides such as MnO2, which have a long history as positive electrode
materials for batteries,1 2 have recently attracted attention as promising materials for the
enhancement of the energy density of electrochemical capacitorss.13 The theoretical
specific capacitance of MnO2 is ~1370 F/gMno2 based on a one-electron redox reaction per
manganese atom, 14 but this value can be achieved only for ultrathin (on the nanometer scale)
films or nano-sized particles at the typical power required for electrochemical capacitor
applications.'13 14 However, getting sufficient electron access to MnO 2, with its low
electrical conductivity (10~5_10-6 S/cm)' 3 , can become rate-limiting for high power
applications. Therefore, maximizing utilization of MnO 2 pseudocapacity and designing
highly electrically conductive electrode microstructures is critical to realize MnO 2-based
electrochemical capacitors.
One promising approach is the incorporation of nano-sized MnO 2 into an
electrically conductive carbon framework,2 improving the utilization of MnO2 and
111
electrical conductivity of the electrode. These carbon matrix/metal oxide nano-composite
electrodes have been demonstrated with various kinds of carbons, including carbon
nanotubes,15 2 0 carbon nanofoams, 2 and activated carbon 23, 24 showing a significant
increase in performance. The key issues of carbon matrix/MnO 2 are conformal coatings of
nano-sized MnO 2 onto a carbon matrix, enabling full utilization of MnO2, and an inter-
connected 3D porous network structure that ensures fast electronic and ionic conduction
through the electrode. With optimized nano-composite structures, we can fully utilize the
high energy density of MnO2 at high power density for real electrochemical capacitor
applications.
Previously, we have created ultrathin multiwall carbon nanotube films using layer-
by-layer (LbL) assembly25 with surface functionalized MWNTs.26 These layer-by-layer
assembled MWNT (LbL-MWNT) thin films have interconnected 3D porous network
structures, and show high capacitance (~130 F/cm3 ) in acidic electrolytes. 26 The porous
structure of LbL-MWNT films allows further incorporation of electrochemically active
nanomaterials that can increase energy density of electrochemical capacitors. In particular,
this approach can significantly increase energy density based on volume when nano-scale
materials are used to fill the void volume of the carbon matrix. However, generating a
homogenous conformal coating of nano-scale materials within the compact ultrathin
MWNT matrix can be challenging. In this study, we incorporate nano-scale MnO 2 films
into LbL-MWNT films (Scheme 4-1), and the resulting LbL-MWNT/MnO 2 composite
electrodes show a considerably high volumetric capacitance of -246 F/cm3 in neutral
electrolytes. We show that the structure of the LbL-MWNT/MnO 2 composite electrodes
consists of a nano-scale conformal coating of MnO 2 on interconnected MWNTs in a radom
network structure using scanning electron microscopy (SEM), and high resolution
transmission electron microscopy (TEM). Cyclic voltammetry measurements reveal that
these LbL-MWNT/MnO 2 composite electrodes have high specific capacitance even at
extremely high scan rates (up to 1,000 mV/s), which can be attributed to the presence of
pseudo-capacitive MnO 2 nanoparticles connected to the electrically conductive MWNTs.
Finally, we demonstrate the unique advantages of LbL processing, which include the
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precise control of thickness on the nanometer scale, which enables pin point control of
electrode capacity with thickness in the range of -100 to -350 nm.
SuLbt-MWNT Film LbL-MWNT/MnO2Composite Electrode
(Fig. 1a) (Figs. lb-d)
Layer-by-Layer Deposition of MWNT Film Redox Deposition of MnO2 on MWNTs
Scheme 4-1. Layer-by-layer assembly of MWNT (LbL-MWNT) film via alternative
dipping of substrate into positively charged (MWNT-NH 3*) and negatively charged
(MWNT-COO~) MWNTs, and process of LbL-MWNT/MnO 2 composite electrode though
dipping of the LBLLbL-MWNT film into permanganate ion (MnO4 ) solution.
4.2 Experimental Section
Layer-by-Layer Assembly of MWNT Thin Films. MWNTs were purchased from
NANOLAB (95% purity, outer diameter 15 ± 5 nm, length 1-5 gm). Positively charged
MWNTs (MWNT-NH 3*) and negatively charged MWNTs (MWNT-COO~) were prepared
using surface functionalization processes described in previous research. 26 The LbL-
MWNT films were fabricated with a modified Carl Zeiss DS50 programmable slide stainer
on indium-tin oxide (ITO) coated glass slides (Delta Technologies). ITO coated glass slides
were first dipped into a MWNT-NH 3* solution for 30 minutes, and washed in three baths of
Milli-Q water for 2, 1, 1 minutes each to remove weakly adsorbed MWNTs. Then, the
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substrates were dipped into a MWNT-COO- solution for 30 minutes, and three baths of
Milli-Q water for 2, 1, 1 minutes each. This cycle makes one bilayer of MWNT-
N 3 /MWNT-COO-, and the cycle was repeated to reach the desired thickness of MWNT
thin films. In this study, we control the thickness of LbL-MWNT films from 110 nm to 350
nm. Detailed procedure and property of LbL-MWNT films can be found at previous
research.26
Incorporation of MnO2 into LbL-MWNT Films. Previous studies have showed that
spontaneous redox deposition of MnO2 on carbon materials is pH dependent.
18
, 21
Reduction of permanganate ion (MnO4 ) to MnO2 on the carbon in acid can result in large
agglomerated particles of MnO2 ."' 21 On the other hand, thin films of MnO 2 can be
obtained on the surface of carbon in neutral pHs, which show higher gravimetric
capacitance compared to those of MnO2 formed in acid.21' 22 In this study, we dipped the
LbL-MWNT films into 0.1 M K2 SO4 (Sigma-Aldrich) + 0.1 M KMnO4 (Sigma-Aldrich)
solution from 10 to 60 minutes to incorporate MnO 2 in neutral condition. To facilitate
MnO4 diffusion into the LbL-MWNT films, and solutions were stirred vigorously with
magnetic stirrer.
Characterization. The thickness of electrodes was determined by averaging the thickness
at least four different positions on each electrode using a Tencor P-10 profilometer. The
volume of electrode was estimated by multiplying the geometric area of the electrode and
measured average thickness. Inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) analysis was used to analyze the weight loading of MnO2 on the MWNTs using
a Horiba-Activa instrument; the measurements were made on emission peaks at 293.306 for
Mn. The LbL-MWNT/MnO 2 film sample was dissolved in concentrated aqua regia and
then diluted. The diluted solution was filtrated for analysis. Calibration curves were made
from dissolved standards with concentrations from 0 to 25 ppm in the same acid matrix as
the unknown. Micro-structure of LbL-MWNT/MnO 2 electrode was investigated using a
scanning electron microscope (JEOL 6320 SEM) operating at 5.0 kV. For X-ray energy
dispersive spectroscopy (EDS) with SEM, the accelerating voltage is set at 15.0 kV. The
acquisition time is 354 s. Inner-structure of LbL-MWNT/MnO2 electrode was examined
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using a transmittance electron microscope (JEOL 201 OF) for medium and high resolution
imaging, as well as the select area electron diffraction (SAED) of the electrode samples.
Scanning transmission electron microscopy mode is applied for EDS mapping. The
acquisition time is 279 s. Oxygen Kai (0.525 keV), carbon Kai (0.285 keV), and
manganese Kai (5.899 keV) lines are used to generate the elemental maps of oxygen,
carbon, and manganese, respectively. The surface chemistry of LbL-MWNT/MnO 2
electrode was investigated using a Kratos AXIS Ultra Imaging X-ray photoelectron
spectrometer (XPS). Mn 3s and 2p spectra were calibrated with the C Is photoemission
peak for sp2 hybridized carbons centered at 284.5 eV. The atomic ratio of manganese to
carbon (Mn/C) was determined from XPS high resolution scan analysis. Electrochemical
test of LbL-MWNT/MnO 2 electrode was measured at a three-electrode cell, using a
saturated calomel electrode (SCE) (Analytical Sensor, Inc.) and Pt wire as the reference and
counter electrodes, respectively. LbL-MWNT/MnO 2 electrodes were used as the working
electrode in 0.1 M K2SO4 solution. Cyclic voltammetry was measured in the potential range
between -0.5 and 0.8 V versus SCE at room temperature at various scan rates from 10 to
10,000 mV/s using a bipotentiostat (PINE instrument).
4.3 Results and Discussion
Ultrathin LbL-MWNT films were created by alternating adsorption of positively
charged MWNTs (MWNT-NH 3*) and negatively charged MWNTs (MWNT-COO-) on
ITO-coated glass substrates. By simply controlling the number of dipping cycles (the
number of bilayers), we can precisely assemble pure MWNT films on the substrate with
thicknesses in the range from 100 to 300 nm. To increase the mechanical stability and
electrical conductivity of the electrodes, LbL-MWNTs were heat treated at 150 'C for 12 hr
in vacuum 26 before the incorporation of MnO2. Heat-treated LbL-MWNT films were
dipped into a stirred 0.1 M KMnO4/0. 1 M K2 SO 4 solution for 10 ~ 60 min to incorporate
MnO2 at room temperature. When LbL-MWNT films were dipped into a solution of
permanganate ions (MnO4-), a strong oxidizing agent, were spontaneously reduced to MnO 2
on the surface of MWNTs. 8 ,21 Increases in both thickness and mass of the electrodes after
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incorporation of MnO2 were observed via profilometry and inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) analysis: -10% of thickness (-17% of mass)
after 30 min dipping and - 20% of thickness (-36% of mass) after 60 min dipping. Because
the LbL assembly process is water-based assembly at ambient conditions, we can consider
the spontaneous aqueous deposition of MnO 2 into LbL-MWNT films as a last step of the
dipping process, which maintains the continuous nature of the film assembly process.
4.3.1 Microstructure of LbL-MWNT/MnO 2 composite electrodes
(a) 0 min 4b) 10 min
-- 100 nm -- 100rnm
(c)60 minm
----100 n m
Figure 4-1. SEM images of (a) pristine LbL-MWNT electrode and (b-d) LbL-
MWNT/MnO 2 composite electrodes prepared by dipping LbL-MWNT electrodes into 0.1
M KMnO 4/0.1 M K2SO 4 solution at deposition time from 10 min to 60 min. (d) A cross-
section view of an LbL-MWNT/MnO 2 composite electrode after 60min dipping. White
arrow indicates the interface between the substrate and LbL-MWNT/MnO 2 composite film.
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SEM images (Figure 4-1) show MnO2-covered MWNTs created by the spontaneous
reduction process, of LbL-MWNT films. As-assembled LbL-MWNT films have porous
network structure of MWNTs (Figure 4-la), where void volume within porous MWNT
matrix allows MnO4 ions to diffuse into the films and be reduced to MnO2 on the surface
of MWNTs. From dipping of LbL-MWNT film into KMnO 4 solution for 10 min, we can
clearly see a uniform coating of MnO2 on the MWNT surfaces (Figure 4-lb), and the
thickness of this MnO 2 coating increases as dipping time increases as indicated by the
increasing tube diameters observed in SEM(Figures 4-lb-c). These SEM top-view images
confirm that LbL-MWNT/MnO 2 electrodes have no large agglomerates or precipitation of
MnO 2 on the exterior film surface, and still maintain a porous network structure after
incorporation MnO2 film into the inner network structure of LbL-MWNT. A cross-section
SEM image (Figure 4-1d) reveals uniform thickness conformal nano-composite structure of
LbL-MVVNT/MnO 2 electrode on the substrate without phase segregation of MnO 2 within
the electrode. More importantly, cross-sectional elemental mapping of Mn for LbL-
MWNT/MnO 2 electrode (Figure 4-2) shows uniform distribution of Mn throughout the
thickness direction, further confirming uniform introduction of MnO2 into ultrathin LbL-
MWNT electrode.
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Figure 4-2. (a) A cross-section SEM image and (b) elemental mapping of Mn for an LbL-
MWNT/MnO 2 composite electrode (60 min). White arrow indicates the interface between
the substrate and LbL-MWNT/MnO 2 composite film.
TEM images with selected-area electron diffraction (SAED) analysis were used to
determine the MnO 2 structure and microstructure of LbL-MWNT/MnO 2 electrodes, as
shown in Figure 4-3. A representative TEM image with SAED for an LbL-MWNT
electrode are presented in Figure 4-3a, showing a randomly oriented network structure of
MWNTs with graphite characteristic planes of (002), (100), and (110), respectively.
Previous research has shown that the redox deposition of MnO2 on carbon forms a mixture
of birnessite MnO 2 and the amorphous phase,18 , 21 and that longer deposition times can
22generate large size crystalline MnO 2. However, the SAED of the composite electrode
after 60 min dipping corresponds to the same highly disperse rings of graphite without
characteristic diffractions from MnO 2, thus indicating the small volume and amorphous
nature of MnO 2 films. MnO 2 films were found uniformly distributed throughout MWNT
matrix, where MnO 2 on MWNTs was indicated by white arrows at Figure 4-3b. Elemental
mapping in TEM images of the composite electrode (Figure 4-4) further confirm a
homogenous coating of MnO 2 throughout the LbL-MWNT framework. These conformal
coating of nano-scale MnO2 on MWNTs suggest a promising nano-composite structure for
energy storage application, where we can fully utilize high capacitance of MnO2 through
electrically conducting MWNT channels.
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Figure 4-3. TEM image with selected-area diffraction pattern (SAED) of (a) an LbL-
MWNT and (b) an LbL-MWNT/MnO2 composite electrode (60 min dipping). (c) High
magnification image of an LbL-MWNT/MnO 2 composite electrode (60 min dipping).
White arrows indicate nano-size MnO2 coating on MWNTs.
(b)C
- -100nm
(d) Mn
- -100 n m
Figure 4-4. (a) TEM image with elemental mapping of (b) C, (c) 0, and (d) Mn for an
LbL-MWNT/MnO 2 composite electrode (60 min dipping).
X-ray photoelectron spectroscopy (XPS) spectra of the LbL-MWNT/MnO 2
composite electrodes were used to determine the oxidation state of as-synthesized MnO 2
within the LbL-MWNT film. Mn 2p spectra (Figure 4-5a) show that the binding energy of
Mn 2p3/2 and Mn 2pl/2 is centered at 654.1 and 642.4 eV, respectively, which is in
agreement with the binding energy of Mn 2 P3/2 and the energy separation (11.8 eV)
between 2p3/2 and 2p3/2 reported previously.' 4 2 7 Toupin, et al. 4 show the separation of
peak energies (AEb) between the two peaks of the Mn 3s components can be used as an
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indicator of Mn oxidation state in manganese oxides, where Mn4* and Mn3+ of MnO 2 have
a peak separation of 4.8 and ~5.3 eV, respectively. 14 The as-prepared LbL-MWNT/MnO 2
electrodes after 60 min dipping showed a separation energy of 4.93 eV for the Mn 3s
doublet (Figure 4-5b), which suggest an intermediate oxidation state between Mn 4 and
3+Mn.
(a) Mn 3s 4.93 eV (b) Mn 2p 11.8 ev
Mn 2p,
Mn2p12
95 90 85 80 635 640 645 650 655 660
Binding Energy (eV) Binding Energy (eV)
Figure 4-5. XPS spectra of LbL-MWNT/MnO 2 composite electrodes. (a) Atomic ratio of
Mn/C as a function of dipping time, (b) Mn 2p spectra, and (c) Mn 3s spectra.
4.3.2 Electrochemical properties of LbL-MWNT/MnO 2 composite electrodes
Figure 4-6a shows the cyclic voltamogramm (CV) of LbL-MWNT/MnO 2 electrodes
in 0.1 M K2 SO4 at a scan rate of 50 mV/s as a function of dipping time. The potential
window for cycling is confined between -0.5 V and 0.8 V versus SCE to avoid the oxygen
evolution reaction at higher potentials and manganese dissolution at lower potentials.13, 2 3,24
The as-assembled LbL-MWNT electrode (0 min in Figure 4-6a) shows ~ 1.8 A/cm3 based
on EDLC of MWNTs. Volumetric currents of the LbL-MWNT/MnO 2 electrodes increase
with dipping time due to increasing pseudocapacitive MnO 2, which results in increasing
volumetric capacitance with dipping time (Figure 4-6b). Previous research1 5 , 28 has shown
that crystalline MnO2  in K2 S0 4  solution have redox peaks from the
intercalation/deintercalation process of the cations. It is interesting that the LbL-
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MWNT/MnO 2 electrodes have no such redox peaks, which can be related amorphous
character of MnO 2 films on MWNT (Figure 4-4).
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Figure 4-6. (a) Cyclic voltammograms for LbL-MWNT/MnO 2 composite films on ITO-
coated glass electrodes in 0.1 K2SO 4 at room temperature as a function of dipping time. A
scan rate of 50 mV/s was used. 0 min indicates a pristine LbL-MWNT electrode (b)
Volumetric capacitance as a function of dipping time. Capacitance was estimated from
cyclic voltammograms with a scan rate of 50 mV/s (Fig. 4-6a).
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Figure 4-7. (a) Rate dependent Cyclic voltammograms of LbL-MWNT/MnO 2 composite
electrodes at various scan rates (10 mV/s ~1,000 mV/s) (b) Volumetric capacitance (F/cm3)
obtained from LbL-MWNT/MnO 2 composite electrodes with dipping time as a function of
scan rates (10 mV 1,000 mV/s).
The rate-dependent CVs of LbL-MWNT/MnO 2 electrodes were investigated over a
wide range of scan rates from 10 to 1,000 mV/s, as shown by Figure 4-7a. The rate
capability of the LbL-MWNT/MnO 2 electrodes is remarkable, and they maintain a
rectangular CV shape with only small distortions even at 1,000 mV/s, which results in only
~50% loss of capacitance compared to those measured at 10 mV/s (Figure 4-7b). This is in
contrast to previous work, where the rectangular shape of the CV for Mn0 2 electrodes 7
was found to distort considerably to a diamond shape as the scan rate increased and carbon
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nanotube/carbon microfiber/MnO 2 electrodes 5 showed ~50% loss of capacitance from 10
mV/s to 200 mV/s. Moreover, LbL-MWNT/MnO 2 electrodes coated for 60 min show a
significantly higher volumetric capacitance of 246 F/cm 3 at a scan rate of 10 mV/s
compared to one of the highest reported values (156 F/cm 3) 2 2 for carbon/MnO 2 electrodes
at a scan rate of 2 mV/s. The corresponding specific capacitance of the MWNT/MnO 2
electrodes is ~290 F/g(MWNT/MnO 2), with a specific capacitance of MnO2 ~940
F/g(MnO 2); this number is significantly higher than the -350 F/g previously reported for
redox reduction in carbon nanofoam, 22 but lower than -1370 F/g of the thin film form and
the theoretical value of MnO 2.'4 The high volumetric capacitance and remarkable rate
capability of LbL-MWNT/MnO 2 electrodes can be attributed to electrode microstructure,
where nano-scale MnO 2 particles are supported on a high-packing-density, porous MWNT
network with good access to electrons and ions in the electrolyte. In addition, the LbL-
MWNT/MnO2 electrodes show good cycling stability up to 1,000 cycles, as shown in
Figure 4-8. Beyond this point, at a high scan rate of 200 mV/s, CVs of the electrode show a
small decrease in current (Figure 4-8a), and capacity (-11.6% decay) (Figure 4-8b).
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Figure 4-8. (a) Cyclic voltammograms obtained from LbL-MWNT/MnO 2 composite
electrodes with different cycling numbers in 0.1 M K2 S0 4 at room temperature. A scan rate
of 200 mV/s was used. (b) Capacity retention of from LbL-MWNT/MnO 2 composite
electrodes as a function of cycling number.
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Figure 4-9. (a) Thickness of as-assembled MWNT thin films and LbL-MWNT/MnO 2
composite electrodes after 30 min dipping as a function of the number of bilayers. The
dashed lines are linear fit with standard deviations as error bars. (b) Cyclic voltammograms
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Figure 4-9a shows a thickness-dependent CV of the MWNT/MnO 2 electrodes in the
range from 110 nm to 350 nm at a scan rate of 50 mV/s. The thicknesses of LbL-
MWNT/MnO 2 electrodes still scale with the number of bilayers after 30 min dipping was
shown by Figure 4-9b, thus suggesting that the coverage of MnO 2 is uniform throughout
the thickness of the LbL-MWNT films. Surface charge densities from the integration of CV
curves were found to scale linearly with film thickness (Figure 4-9c) for both the LbL-
MWNT films and the MWNT/MnO 2 electrodes, which suggest that MnO2 in the LbL-
MWNT electrodes is electrochemically active throughout the entire electrode thickness.
Consequently, we can fully utilize the advantages of LbL process, enabling precise capacity
control of the composite electrodes by controlling the thickness of LbL-MWNT films. In
addition, versatile adaptability of the LbL technique on various kinds of substrates such as
silicon, glass, and flexible substrates propose binder free MWNT/MnO 2 electrodes as
promising electrodes for application of MEMS flexible electronics.29
4-4. Conclusions
In summary, we created LbL-MWNT/MnO 2 ultra thin film electrodes via an LbL assembly
of functionalized MWNTs and continuous redox deposition of MnO2 onto MWNTs. The
porous MWNT network generated via alternating LbL assembly creates fast electronic and
ionic conducting channels in the presence of electrolyte, and the conformal coating of
MnO2 on MWNTs provides high capacitance, which shows that these systems can provide
a platform to design high-performance electrodes for EC applications. The ability to
generate high electrode capacitances, and precise control of thickness and capacity from
simple dipping processes at ambient conditions suggest a promising approach to the
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creation of ultrathin electrodes in a controlled manner. We believe that these high-
capacitance LbL-MWNT/MnO 2 film electrodes and the general approach to the fabrication
of the composite electrodes can be applied to design novel electrode materials for EC and
battery, and sensor applications.
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Chapter 5. Square-Wave Potential Electrodeposition of
Nanoparticles into Carbon Nanotube Framework for
Electrochemical Applications
Abstract
Recently, nano-scale materials have attracted great scientific and technological
interest because of the unusual physical and chemical properties' compared to the bulk
materials. These differences in nano-scale materials come from the geometric effects of a
dramatic increase in the number of surface atoms relative bulk ones, and the electronic
structure changes due to the delocalized electron states'. In particular, the properties of
electrochemical reactions between nano-scale metal catalysts and small molecules are
sensitive to the particle size, results in a significant change in intrinsic catalytic activities
for oxygen reduction reaction (ORR)2, CO 2 and methanol oxidation reaction (MOR)3 . In
addition, nano-structured energy storage materials such as metal oxides have significant
advantages 4 because of their small dimension: nano-scale Li intercalation electrodes
facilitate diffusion of Li into the materials, and nano-structured pseudo-capacitive
materials 5'6 increase utilization of the Faradic reaction with electrolytes on the electrode
surface. Because electrochemical properties are sensitive to dimension in nano-materials,
controlling nano-architecture of the electrodes becomes a crucial issue for enhancing
electrochemical performance for both energy conversion and storage devices. Here, we
show a simple two-step nano-structured noble metal/carbon composite electrode
preparation technique, consisting of the layer-by-layer assembly7'8 of carbon nanotubes as a
nano-framework and followed by the square-wave potential method (so called electropulse
deposition) for deposition of capacitive RuO2, monometallic and/or bimetallic
electrocatalysts such as Pt and Pt/Ru alloy nanoparticles from aqueous precursors (i.e.
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RuCl 3 and K2PtCl6 ). Using the two-step process, we can easily manipulate not only the
electrode dimension to control electrochemical capacity, but also the metal composition
into the nano-structured LbL film electrode for the superior electrochemical performances.
The prepared RuO2 nanoparticles within the LbL carbon nanotube film using this method
enhanced the volumetric capacitance over 1,000 mV/cm3 based on the volume of the
electrode, which is one of highest volumetric capacitance for electrochemical capacitor
materials 5'9-1". Furthermore, the bimetallic electrocatalysts of Pt/Ru nanoparticles within the
carbon nanotube framework show higher electrocatalytic activity in methanol oxidation
than that of commercial TKK Pt nanoparticles with similar core size.
5.1 Introduction
Electroplating (or electrodeposition) is one of the traditional electrochemical
methods to deposit thin layer of metals on the conductive substrates. The metal thin layers
can be formed on substrates from the electrochemical reduction of metal cation precursors
through constant high potential or current. Recently, several electrochemical potential
deposition methods12, 13 have been applied for the synthesis of bulk- and nano-crystals
(NCs). Sun et al.' 3 showed the first electrochemical synthesis method for the high-index
facet Pt NCs on a glassy carbon substrate using square-wave potential cycling.
Interestingly, the high-index facet Pt NCs showed higher catalytic activity than
conventional Pt nanoparticles for electro-oxidation of small organic molecules based on the
electrochemically active surface area due to the unusual tetrahexahedral structure. However,
the electrochemical synthesis method is rather limited to practical applications due to the
small surface area of the glassy carbon substrate (1-2 cm2) and low specific surface area of
NCs with the large particle size (>100 nanometers). In order to enhance the
electrochemically active surface area of electrocatalysts, nano-sized particles should be
deposited on three dimensional (3D) high surface area substrates using the efficient
electrochemical deposition method.
Electrochemical plating of Fe30 4 on 3D nano-structured substrate has been reported
by Simon and co-workers14 for battery applications. In this work 4, Cu nanorods (-200 nm)
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as current collectors were electrochemically prepared using anodized alumina oxide (AAO)
membrane as a template, and deposited Fe3 0 4 on the Cu nanorods exhibited six times
improvement in power density over planar electrodes with similar energy density due to the
enhanced kinetics with electrolytes. However, the limited dimension of the alumina oxide
(AAO) membrane template, including pore-diameter and length, is still insufficient to
maximize electrochemical performances.
Previously, we reported ultrathin multiwall carbon nanotube (MWNT) films via
layer-by-layer (LbL) self assembly7 with positively and negatively charged surface
functionalized MWNTs15 . The layer-by-layer assembled MWNT (LbL-MWNT) thin film
electrodes have interconnected 3D porous network structures with closed packing density
(~70%)8. Precise control of electochemical capacity by the film thickness on the various
kinds of substrates suggests that the LbL-MWNT electrodes can be used as a promising
nano-structured substrate for energy storage and conversion devices.
In this chapter, a simple electrochemical deposition method to incorporate
electrochemically active noble metal nanoparticles into the nano-structured LbL-MWNT
film substrate using square-wave pulse potential cycling will be described. Furthermore, the
superior capacitance and electrocatalytic activity on the electrochemically synthesized
RuO 2 and Pt/Ru alloy nanoparticles within the LbL-MWNT film will be discussed.
5.2 Experimental Section
Layer-by-layer assembly of MWNT electrodes. Pristine MWNTs were purchased from
NANOLAB (95% purity, outer diameter 15 ± 5 nm, length 1~5 im). Positively charged
(MWNT-NH 3*) and negatively charged (MWNT-COO-) MWNTs were prepared through
surface functionalization on the exterior walls, which is described in detail at previous
research1 5 . Briefly, the layer-by-layer assembled MWNT (LbL-MWNT) matrix was
prepared with a modified Carl Zeiss DS50 programmable slide stainer on the indium-tin
oxide (ITO) coated glass slides (Delta Technologies). The ITO coated glass slides were first
dipped into the positively charged MWNT (MWNT-NH 3+) solution for 30 minutes, and
washed in three baths of Milli-Q water for 2, 1, 1 minutes each. Subsequently, the
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substrates were dipped into the negatively charged MWNT (MWNT-COO-) solution for 30
minutes, and placed in the three Milli-Q water washing baths for 2, 1, 1 minutes each to
remove loosely bound positive and negative charged MWNTs. This process makes one
bilayer of MWNT-NH 3*/MVWNT-COO~, and the bilayer cycle was repeated to reach the
desired thickness of the LbL-MWNT matrix. The prepared LbL-MWNT matrix electrodes
were heat treated at 150 'C for 12 hr in vacuum before square-wave pulse electrodepostion
to improve mechanical stability of the LbL MWNT film as well as the electrical
conductivity of the electrodes.
Incorporation of noble metal nanoparticles into the LbL-MWNT matrix using square-
wave potential method. All square-wave electrodepostion experiments were carried out in
a three-electrode electrochemical cell by using a voltamaster potentiostat (Radiometer
analytical, France).The working electrodes were the prepared LbL-MWNT thin film on the
ITO coated glass slides. A platinum wire and a saturated calomel electrode (SCE)
(Analytical Sensor, Inc.) were used as counter electrode and reference electrode,
respectively. For the electropulse deposition, the LbL-MWNT electrodes were subjected to
a potential cycles with lower potential (-0.10 V vs. SCE stayed for 0.02 sec) and higher
potential (1.10 V vs. SCE stayed for 2 sec) in 50 mM metal precursors + 0.1 M HClO 4
solutions. For instance, 50 mM RuCl3 , 50 mM K2PtCl6 , was used to prepare LbL-
MWNT/RuO 2 and LbL-MWTN/Pt nanoparticles. In order to incorporate the bimetallic
Pt/Ru alloy nanoparticles into the LbL-MWNT matrix, 25 mM RuCl3 + 25 mM K2PtCl6
was prepared in the 0.1 M HClO4 solution. The metal precursor solution was vigorously
stirred by a magnetic stirrer during the electropulse deposition to maintain steady state
diffusion of metal precursor ions into the LbL-MWNT film electrodes.
Characterization. The thickness of electrodes was determined by averaging thickness at
least four different positions on each electrode by a Tencor P-16 profilometer. The volume
of each electrode was measured by multiplying the geometric area of the electrode on the
ITO coated glass and the thickness of electrode determined by profilometer. The core size
and the distribution of the metal nanoparticle within the LbL-MWNT matrix were
examined using a JEOL 2010F high resolution TEM (HRTEM). At least 100 randomly
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selected nanoparticles from HRTEM images were used to present metal nanoparticle core
size and distribution. From each distribution, the number-averaged diameter, d n, was
n
I d
determined by d= = . Energy dispersive X-ray (EDX) spectroscopy maps of the
n
bimetallic Pt/Ru nanoparticles were made using aberration corrected TEM on a JEOL
JEMS 2200 200 KeV microscope and a CEOS corrector at Oakridge National Laboratory
as part of the High Temperature Materials Laboratory user Program. Electrochemical
activity measurement of the noble metal nanoparticles within the LbL-MWNT film
electrode was conducted in a three-electrode cell using a bipotentiostat (PINE instrument).
The LbL-MWNT/metal nanoparticle electrodes were used as the working electrode with a
saturated calomel electrode (SCE) (Analytical Sensor, Inc.) and Pt wire as the reference and
counter electrodes, respectively. Cyclic voltammetry measurements of the LbL-
MWNT/RuO 2 nanoparticle were performed from -0.192 to 0.850 V vs. SCE in 0.5 M
H2 SO 4 electrolyte. Electrochemical surface area (ESA) of Pt was determined from the
charge associated with hydrogen adsorption (210 C/cm 2pt) after double layer correction in
the cyclic voltammetry data between 0.05 V and 0.35 V vs. RHE. Electrocatalytic methanol
electro-oxidation activity of the LbL-MWNT/metal nanoparticles electrodes was measured
at a scan rate of 50 mV/s in the potential range from 0.05 to 1.1 V vs. RHE in a N2
saturated 1.0 M CH30H, in 0.1 M HClO 4 electrolyte at room temperature. The specific
MOR activity of each metal nanoparticle was compared by plotting in the positive-going
scan between ~ 0.3 V and 0.9 V vs. RHE after the subtraction of the double layer currents.
5.3 Results and Discussion
Introduction of nanoparticles into the LbL-MWNT film electrodes via square wave
potential deposition is schematically shown in scheme 5-1, and the experimental details are
described in the experimental section. The metal cations can be reduced within the LbL-
MWNT film electrode during very short period time (-0.02 sec), thus allowing the
formation of nano-size metal cluster without large aggregation at the low potential (-0.10 V)
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(Figure 5-la). On the other hand, at the high potential (1.10 V), reduced metal nanoparticles
are oxidized as oxides form, and simultaneously metal cation precursors can diffuse into the
porous LbL-MWNT film electrode. The given longer period oxidation time (-2 sec) at
1.10 V allows that the metal ion can completely diffuse into the several hundred nanometer
film thickness electrode, and also can prevent localized reduction on the surface of the
LbL-MWNT thin film electrode (Figure 5-la). Figure 5-1b shows a representative current
versus time plot during square-wave eletrodeposition, where cathodic and anodic currents
clearly show the reduction and oxidation process of metal nanoparticles within the LbL-
MWNT film electrode. By repeating these square-wave potential cycles, nano-sized metal
clusters could form uniformly within the LbL-MWNT film electrode.
Square Wave Potential Cycles
in Precursor Solutions
Oxidation
Reduction
LbL-MWNT Films LbL-MWNT/Metal Oxide
(Metal alloy) Films
Scheme 5-1. Introduction of the metal oxide and the bimetallic nanoparticles into the layer-
by-layer assembled multiwall carbon nanotube (LbL-MWNT) film electrode via square
wave potential cycles in the metal precursor solution.
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Figure 5-1. (a) Potential and time scales of square-wave potential cycles. (b)
Representative current versus time plot during square-wave potential cycles.
5.3.1 Incorporation of RuO2 nanoparticles into the LbL-MWNT electrodes
The first nanoparticles incorporated into the LbL-MWNT film electrodes using
square-wave potential cycles are hydrous RuO2, which is an electrochemically active
material for electrochemical capacitor applications. Therefore, the prepared RuO2 within
the LbL-MWNT film electrode has pseudo-capacitive properties, very fast reversible redox
reactions with electrolytes, due to fast mixed proton/electron conductivity. The calculated
theoretical specific capacitance of the hydrous RuO2 is 1368 F/g6 based on reversible
oxidation and reduction from Ru (II) to Ru (IV) and a simultaneous exchange of protons in
acidic solution. However, this high capacitance is only available for nano-sized particles
and/or nanometer scale ultrathin films6 because pseudo-capacitive reactions are confined in
the several nanometer thickness of hydrated cell. Therefore, synthesis of nano-scale RuO2
is critical to fully utilize the pseudo-capacitance of the material. Figure 5-2a shows
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representative low and high magnification TEM images and core size distribution of RuO2
nanoparticles within the LbL-MWNT film electrodes after 400 square-wave potential
cycles. The prepared RuO2 particles were found uniformly distributed within the LbL-
MWNT framework as shown in the low magnification TEM image. Moreover, the diameter
size histogram (Figure 5-2b) of RuO2 nanoparticles shows very narrow core size
distribution in the LbL-MWNT film, which is 1.7 0.3 nm.
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Figure 5-2. (a) A representative low-magnification TEM image of RuO2 nanoparticles
within the LbL-MWNT electrode after 400 cycles. (b) Histogram and high-magnification
TEM image (inset) of RuO2 nanoparticles within the LbL-MWNT film electrode after 400
cycles. Number-averaged diameter (d,) and standard deviation of RuO2 nanoparticles is
indicated. At least 100 randomly selected nanoparticles were counted to present the
histogram and d,.
After thermal annealing process at 150 'C for 12 hr in air, cyclic voltamogramm
(CV) measurement of the different number of electropulse deposition LbL-MWNT/RuO 2
electrodes were conducted in a 0.5 M H2S0 4 solution at a scan rate of 50 mV/s as shown in
Figure 5-3a. The LbL-MWNT framework with the thickness of 130 nm shows -5 A/cm3
based on mostly electrical double layer capacitance 9 of carbon nanotubes and partially
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Faradaic redox reactions on the surface functional groups8 . Volumetric currents of the
LbL-MWNT/RuO 2 electrodes increased with electropulse deposition cycle numbers owing
to the increased pseudo-capacitive RuO2 loading, which simultaneously increases
volumetric capacitance with the electropulse deposition cycle number (Figure 5-3b).
Volumetric capacitance of the LbL-MWNT/RuO 2 electrodes were found to scale linearly as
a function of cycle number, and finally reached over 1000 F/cmselectrode after 600 cycles
(Figure 5-3b). To the best of our knowledge, this LbL-MWNT/RuO 2 electrode shows the
highest volumetric capacitance among the carbon/pseudo-capacitive oxides composite
electrodes 5'6 for electrochemical capacitors, based on the electrode volume including
matrix and pseudo-capacitive materials. Moreover, it is important to note that uniformly
distributed nano-size RuO2 nanoparticles within the LbL-MWNT electrode increased
capacitance without increasing the bulk volume of the LbL-MWNT framework.
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Figure 5-3. (a) Cyclic voltammograms for the different number of square-wave pulse cycle
LbL-MWNT/RuO 2 composite electrodes on ITO-coated glass electrodes in a 0.5 M H2 SO4
electrolyte at a scan rate of 50 mV/s at room temperature. (b) Comparison of volumetric
capacitance as a function of electropulse deposition cycle number. Capacitance was
estimated from the cyclic voltammograms at a scan rate of 50 mV/s (Fig. 5-3a).
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Figure 5-4. (a) Scan rate dependent cyclic voltammograms of the LbL-MWNT/RuO 2
composite electrode (600 cycles) at various scan rates (50 mV/s ~ 500 mV/s) (b)
Volumetric capacitance (F/cm3) obtained from the LbL-MWNT/RuO 2 composite electrode
(600 cycles) as a function of scan rates (50 mV ~ 500 mV/s).
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In general, the specific capacitance of RuO2 significantly decreases at higher scan
rates due to the electrical resistance and proton depletion. One of the advantages of the
carbon matrix/RuO 2 composite electrodes is not only a mitigation of the kinetic loss at high
scan rate from the utilization of the electrically conductive carbon framework5 . Figure 5-4a
shows scan rate-dependent of CVs on the LbL-MWNT/RuO 2 electrodes in the scan rate
range from 50 to 500 mV/s. The CVs for the LbL-MWNT/RuO 2 electrodes maintain the
similar shape until an extremely fast scan rate of 500 mV/s with small distortion, which
results in only -35% loss of the capacitance compared to that measured at 50 mV/s. High
volumetric capacitance and the excellent rate capability of the LbL-MWNT/RuO 2
electrodes can be attributed to fully utilization of pseudo-capacitance of nano-size RuO 2
and inter-connected 3D porous network structure, where fast electron and ion transports are
accessible throughout the electrodes.
5.3.2 Incorporation of Pt and Pt/Ru nanoparticles into the LbL-MWNT electrodes
This square-wave pulse potential deposition technique can be also extended to the
synthesis monometallic Pt and bimetallic Pt/Ru alloy nanoparticles from the aqueous Pt
precursor and the mixed Pt/Ru precursor solution. For this purpose we first prepared Pt and
Pt/Ru alloy nanoparticles within the LbL-MWNT film electrode by using square wave
potential cycles and then the prepared metal (oxide) electrode was further reduced at
200 'C for 2 hr in hydrogen atmosphere. Figure 5-5 shows size distributions and HRTEM
images of the prepared Pt and Pt/Ru alloy nanoparticles within the LbL-MWNT film
electrode after 400 cycles. Both Pt and Pt/Ru alloy nanoparticles show uniform and narrow
core size distribution within the LbL-MWNT film electrode. The average core sizes of the
Pt and Pt/Ru alloy nanoparticles are 2.1 ±0.6 nm and 2.2 ±0.6 nm, respectively. However, it
is not clear that electrochemically synthesized alloy nanoparticles from the mixed Pt/Ru
precursor are homogeneous alloy structures instead of a preferentially reduced one metal or
a mixture of separated Pt and Ru nanoparticles from this TEM image.
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Figure 5-5. Histograms and representative HRTEM images of (a) Pt and (b) Pt/Ru alloy
nanoparticle within the LbL-MWNT electrode after 400 cycles. Number-averaged diameter
(dn) and standard deviation of nanoparticles is indicated. At least 100 randomly selected
nanoparticles were used to present histogram and d.
To clarify Pt/Ru alloy nanoparticle structure, energy dispersive X-ray (EDX)
spectroscopy is applied for dispersed metal nanoparticles in the broad region (Figure 5-6a)
and an individual nanoparticle (Figure 5-6b-d). Figure 5-6a shows a low-magnification
image with an EDX spectroscopy for many Pt/Ru nanoparticles. In this region, the EDX
spectroscopy shows 58.3 : 41.7 of the Pt : Ru atomic ratio, revealing co-reduction of both
Pt and Ru precursor reduction instead of the preferential reduction of one metal. In addition,
Pt and Ru EDX spectroscopy maps are applied for a randomly selected Pt/Ru alloy
nanoparticle using aberration corrected TEM. Pt and Ru EDX map images for the selected
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particle show uniform distribution of both Pt and Ru atoms on the entire area of the particle,
confirming that the Pt/Ru alloy structured nanoparticles formed within the LbL-MWNT
film using the electropulse deposition technique.
Pt EDX Map 3m Ru EDX Map
Figure 5-6. (a) A low-magnification image with an energy dispersive X-ray (EDX)
spectroscopy of Pt/Ru nanoparticle within the LbL-MWNT film electrode after 400 cycles.
Atomic ratio of Pt:Ru is indicated. (b-d) Pt and Ru EDX spectroscopy maps of randomly
selected Pt/Ru nanoparticle using aberration corrected transmission electron microscopy
(TEM).
Electrocatalytic methanol electro-oxidation activity of Pt and Pt/Ru alloy
nanoparticles within the LbL-MWNT film electrodes were measured in Ar saturated 1.0 M
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CH30H + 0.1 M HC1O4 using cyclic voltammograms (CVs). A representative cyclic
voltammogram of Pt/Ru alloy nanoparticles for electro-oxidation of methanol is shown in
Figure 5-7a, where the current is normalized by the electrochemical surface area (ESA) of
Pt nanoparticles. Electrocatalytic methanol electro-oxidation activities were compared after
double layer current correction, and the prepared Pt/Ru alloy nanoparticles in the LbL-
MWNT film showed considerably higher specific activity than that of the prepared
monometallic Pt nanoparticles and the commercial carbon supported Pt electocatalyst
(Tanaka Kikinzoku International, Inc.). The High methanol oxidation reaction (MOR)
activity of the Pt/Ru alloy nanoparticles can be explained by bi-functional mechanism' 7 ,
where Pt atoms adsorb and dissociate methanol into various residues including CO, and
simultaneously Ru atoms dissociate water and oxidize adsorbed methanol residues at low
potentials. Particularly, only Pt/Ru alloy nanoparticles show oxidizing currents at potential
below 0.5 V since Ru atoms preferentially adsorb and dissociate water molecules, and
oxidize adsorbed CO on the Pt atoms at lower potential region. Moreover, this bi-functional
mechanism only works for randomly distributed Pt/Ru alloy nanoparticle surfaces,
therefore, the enhanced MOR activity on the Pt/Ru alloy nanoparticles supports the uniform
structure of the Pt/Ru alloy nanoparticles.
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Figure 5-7. (a) Cyclic voltammograms of the methanol electro-oxidation on the Pt/Ru
alloy nanoparticles within the LbL-MWNT film electrode, where the specific current is
normalized by the ESA of Pt nanoparticles. The data were recorded at 50 mV/s from 0.05
to 1.10 V vs. RHE at room temperature. (b) Comparison of the methanol electro-oxidation
activity on the Pt, Pt/Ru alloy nanoparticles within the LbL-MWNT film, and commercial
carbon supported Pt nanoparticle electorocatalyst (TKK, dn: 2. 1nm). The specific currents
normalized by the ESA of Pt nanoparticles were plotted thorough positive-going scan
between -0.3 V and 0.9 V vs. RHE after the subtraction of the double layer current.
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5.4 Conclusions
A square-wave potential electrodeposition method was applied to produce noble
metal/metal oxide nanoparticles within the LbL-MWNT films. This simple method showed
the versatile fabrication of electrochemically active electrodes with well-controlled
nanostructure and excellent electrochemical performances. This technique has many
controllable factors such as dimension of the substrate, capacity, metal nanoparticle loading
in the 3D substrate, and chemical composition, to maximize electrochemical performance
of the electrode. In addition, the electrochemical synthetic process can be extended to the
synthesis of non-noble metal and metal oxide nanoparticles including Co and Ni using non-
aqueous solvent or ionic liquid, which have a wide available potential window. Finally, this
general approach using electrodeposition would open new ways to synthesize various
electrochemically active nano-size materials to design high energy and power density
electrode for energy storage devices (i.e. electrochemical super capacitors and rechargeable
batteries) and highly efficient electrocatalsyts for fuel cell applications.
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Chapter 6. Roles of Surface Steps on Pt Nanoparticles on the
Electrochemical Activity for Electro-Oxidation of Carbon
Monoxide and Methanol, and Oxygen Reduction Reaction
Reproduced in part with permission from Seung Woo Lee, Shuo Chen, Wenchao Sheng,
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Roles of Surface Steps on Pt Nanoparticles in Electro-oxidation of Carbon Monoxide and
Methanol. J. AM. CHEM. SOC. 2009, 131, 15669-15677, Copyright 2009 American
Chemical Society.
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Abstract
Design of highly active nanoscale catalysts for electro-oxidation of small organic
molecules and electro-reduction of oxygen molecules is of great importance to the
development of efficient fuel cells. Increasing steps on single-crystal Pt surfaces is shown
to enhance the activity of CO and methanol electro-oxidation up to several orders of
magnitude. However, little is known about the surface atomic structure of nanoparticles
with sizes of practical relevance, which limits the application of fundamental understanding
in the reaction mechanisms established on single-crystal surfaces to development of active,
nanoscale catalysts. In this study, we reveal the surface atomic structure of Pt nanoparticles
supported on multiwall carbon nanotubes, from which the amount of high-index surface
facets on Pt nanoparticles is quantified. Correlating the surface steps on Pt nanoparticles
with the electrochemical activity and stability clearly show the significant role of surface
steps in enhancing intrinsic activity for CO and methanol electro-oxidation. On the other
hand, ORR activity of Pt nanoparticles is not influenced by surface steps in contrast to
MOR activity. Here we show that increasing surface steps on Pt nanoparticles of-2 nm can
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lead to enhanced intrinsic activity up to -200% (current normalized to Pt surface area) for
electro-oxidation of methanol.
6. 1 Introduction
Studies on well-defined model systems such as single-crystal surfaces have led to
determination of surface reaction mechanisms and identification of physical parameters
such as electronic structure' and surface atomic structure 2 that govern activity. In particular,
increasing steps and kinks on single-crystal Pt surfaces has shown to enhance the activity of
electro-oxidation of carbon monoxide (CO) and methanol 3-6. CO electro-oxidation can be
catalyzed by preferential adsorption of oxygenated species on the under-coordinated sites3
while methanol electro-oxidation can be assisted similarly by adsorbed oxygenated species
in the indirect pathway, and via direct methanol oxidation 4 and methanol decomposition 7 at
the step sites in the direct pathway. Extending electrochemical oxidation reaction
mechanisms established on model single-crystal surfaces to design of active nanoscale
catalysts8 is not straightforward. Although high-index surfaces [(100) steps on (100)
terraces] were shown to increase the activity of formic acid and ethanol oxidation on Pt
nanoparticles of -50 nm and larger9 , there is no previous experimental evidence to
conclusively show the role of surface steps on Pt nanoparticles with sizes of practical
relevance (typically -5 nm) on the electro-oxidation activity of CO and methanol.
One of the intensively debated issues over the last two decades is centered on whether
and how nanoparticle activity for MOR and ORR should be dependent on nanoparticle size
and/or surface atomic structure. As only recent high-resolution transmission electron
microscopy allows determination of surface structures on nanoparticles,10 traditionally
researchers have related nanoparticle sizes to electrochemical activity. However, both
nanoparticle size and nanoparticle surface atomic structure can influence activity. Particle
size reduction increases the density of surface under-coordinated sites as decreasing crystal
size of a given particle shape such as truncated octahedron" increases the fractions of
surface atoms on the corner and edge sites . However, decreasing particle sizes does not
always lead to higher intrinsic activity for nanoparticles as one would expect, to a first
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approximation, based on stepped single-crystal Pt studies 6, where the underlying
mechanism for this phenomenon is not understood. A number of studies have shown lower
activity for adsorbed CO or methanol electro-oxidation on smaller Pt nanoparticles
13
-
19
while others report an opposite trends,12 ,20. Kinoshita" have first showed that the intrinsic
ORR activity in H2SO4 and H3PO 4, having strong anion adsorption, decreases with
increasing surface under-coordinated sites of smaller Pt nanoparticles (1.5 to 15 nm).
Subsequently it is noted that decreasing Pt particle sizes (30 to 1 nm) also lowers ORR
activity in HC10 418,21 having minimal anion adsorption, which is attributed to increasing
surface oxygenated species with decreasing coordination of surface Pt atoms. However, this
is in apparent disagreement with single-crystal studies, where adding { 100} or { 111 } steps
on the { 111 } terrace 22,23 to (lowering surface coordination) increases ORR in 0.1 M HClO 4.
This discrepancy may be attributed to the hypothesis that the surface structures of
nanoparticles in these previous studies, which are typically not characterized, may change
with different sizes and influence activity to a greater extent than particle size reduction.
This work aims to bridge the gap in the fundamental understanding of the electro-
catalytic activity for MOR and ORR between nanoparticles and single-crystal surfaces by
correlating the surface structures of Pt nanoparticles and intrinsic electrocatalytic activities.
In this study, we compare MOR and ORR activity of Pt nanoparticles of comparable sizes,
where the amount of surface steps can be varied by heat-treatment temperature. Here we
show that high-index surfaces, particularly steps on the (111) surfaces, can play a very
important role in enhancing intrinsic activity for CO and methanol electrochemical
oxidation on Pt nanoparticles of -2 nm. On the other hand, We show that ORR activity is
not influenced by surface steps on Pt nanoparticles of ~2 nm unlike MOR and CO
oxidation.24
6.2 Experimental Section
High-resolution transmission electron microscopy. The size and distributions of Pt
nanoparticles in Pt/MWNT samples were examined on a JEOL 2010F TEM operated at 200
kV with a point-to-point resolution of 0.19 nm. Pt/MWNT samples were first immersed in
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Milli-Q 18 MG water and subsequently dispersed ultrasonically for 5 minutes. The
suspension was then deposited on a lacey carbon grid and dried in air for TEM observations.
At least 200 randomly selected nanoparticles from HRTEM images were used to produce
each particle size distribution. For each distribution, the number-averaged diameter, d , was
n
determined by d n= L= . The error bars of dn in Figure 6-lb are defined as the standard
n
deviations of the mean (SDOM), ,[ /N-, where a, is the standard deviation of dn in each
sample, N is the number of particles in each histogram. The indexes of surface facets of Pt
nanoparticles were determined from the HRTEM images. The FFT of a HRTEM image was
performed with Digital Micrograph (Version 3.11.2, Gatan Inc., Pleasanton, CA). With the
aid of Digital Micrograph, the interplanar distance and the angle between atomic planes
were obtained from FFT images, which allowed indexing of lattice fringes and surface
facets in the HRTEM images. The average fraction of high-index planes in each Pt/MWNT
sample as a function of heat-treatment temperature was obtained by summing the product
of average fraction of high-index surface within each bin (right axis) and the frequency (left
axis) of the bin in the histogram of Figures 6-2a-d. The error bars in Figures 6-9a-b, U, , are
defined as the standard deviations of the mean (SDOM), ao /[N , where co is the standard
deviations of the fraction of high-index planes in each bin and N is the number of particles
in the bin. The error bars in Figure 6-if are equal to ( f2 1/2 where f, is the
frequency (left axis) for each bin, and a, is the SDOM of the high-index plane fraction
determined in the same bin. The fraction of high-index surface facets was obtained from
analyzing at least 14 particles for each sample (Figures 6-If and Figure 6-9).
In-situ X-ray absorption near edge structure measrumetns. In-situ X-ray absorption
near edge structure measurements were carried out at the National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory (BNL) using beam lines X-19A. The
electrochemical cell designed for passing X-ray beam was used for data collection in
fluorescence mode, in which working and counter electrodes were separated by a Nafion*
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membrane2 5. Data were collected at different electrode potentials in 1.0 M HC10 4 at room
temperature.
Electrode Preparation. Pt/MWNT powder was well dispersed in Milli-Q 18 M9 water
using ultrasonicator (Sonics & Materials, Inc). 20 pL of suspension was dropped on the
glassy carbon electrode (5 mm in diameter), resulting in Pt loading in the range of 10 to 30
[tg/cm 2electrode. Uniform, thin Pt/MWNT films were prepared by evaporation of the water,
and followed by dropping 10 pL of a dilute Nafion* solution (0.025 wt%), which was
prepared from 5 wt% Nafion* solution (Ion Power, Inc.). Only freshly prepared Pt/MWNT
electrodes were used to measure electrochemical activity. A commercial Pt nanoscale
catalyst sample supported on high surface area carbon [Tanaka Kikinzoku International,
Inc.] with a metal loading of 46 wt%, which is commonly used in fuel cells42, was used for
comparison.
Electrochemical Measurements. All electrochemical measurements were performed in a
three-electrode cell at room temperature. A Pt wire and a saturated calomel electrode (SCE)
(Analytical Sensor, Inc.) were used as the counter and reference electrodes, respectively.
SCE potential was calibrated to the RHE scale. Cyclic voltammetry measurements were
performed in 0 2-free 0.1 M HClO 4 electrolyte obtained by bubbling ultra high-purity N2
gas (99.999%, Airgas) for at least 30 minutes. The electrodes were cycled with the potential
range between 0.05 and 1.1 V (RHE) to reach steady-state cyclic voltammograms at a scan
rate of 20 mV/s. Pt ESA was determined from the charge associated with hydrogen
adsorption (210 ptC/cm 2pt) after double layer correction in the cyclic voltammetry data
between 0.05 V and 0.35 V vs. RHE. For CO stripping and CO chronoamperometric
measurements, activity was measured in 0.1 M HClO4 CO-free electrolyte with a scanning
rate of 5 mV/s, which was obtained by bubbling ultra high purity N 2 gas (99.999%, Airgas)
for at least 30 minutes, after complete adsorption of CO at a potential of 0.1 V (RHE). To
prevent irreversible changes of Pt surface structure in CO atmosphere (typically referred to
as CO annealing)19, no electrochemical cycling of electrode in CO-saturated electrolyte
was performed before any electrochemical measurements. To evaluate the activity of bulk
CO electro-oxidation, current was obtained from scanning a RDE in a CO-saturated
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solution as a function of potential vs. RHE (Figure 6-7). Current in the first cycle was
recorded at 1600 rpm, which was used to calculate the specific activity in Figure 6-4c inset
in order to minimize the effect of CO annealing on the surface atomic structure of Pt
nanoparticles. CO-annealed Pt/MWNT samples were obtained after cycling in a CO-
saturated 0.1 M HClO 4 solution from 0.1 to 1.1 V vs. RHE at a scan rate of 50 mV/s for 10
minutes. The activity of methanol electro-oxidation was evaluated by cyclic voltammetry in
an N2-saturated solution of 1 M CH 30H in 0.1 M HClO 4 with a scanning rate of 50 mV/s.
At least four experimental datasets were collected to generate the error bars in Figures 6-
10b and 6-10d, which were defined as the standard deviations of specific current
(normalized to Pt ESA). The charge associated with methanol oxidation in the positive-
going scan of cyclic voltammogram data was calculated by the integration of the positive-
going current between ~0.35 V and 1.1 V vs. RHE after subtraction of the double layer
current, which was used to generate Figure 6-1 Gd inset. Methanol electro-oxidation stability
of Pt/MWNT samples were measured during cycles with 50 mV/s from 0.05 to 1.1 V vs.
RHE in an N2 saturated solution of 1 M CH30H in 0.1 M HClO 4 at room temperature. The
oxygen reduction reaction (ORR) activity of Pt/MWNT samples was measured by sweep
voltammetry in 02 saturated HClO 4 using a rotating disk electrode at room temperature
(Figure 6-13a). After the electrolyte was purged with pure oxygen (02) for at least half an
hour, polarization curves were recorded between 0.05 and 1.0 V (RHE) under a voltage
sweep rate of 10 mV/s at room temperature. The Pt specific kinetic activity (k / mA cm-2pt)
of Pt/MWNT samples was calculated from Koutecky-Levich equation and Pt ESA.
6.3 Results and Discussion Part 1: Roles of Surface Steps on Pt
Nanoparticles in Electro-Oxidation of Carbon Monoxide and Methanol
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Figure 6-1. Particle sizes and surface atomic structure of Pt nanoparticles in the Pt/MWNT
samples. (a) Histogram and typical TEM micrograph (inset) of a Pt/MWNT sample heat-
treated at 548 K. (b) Number-averaged diameter (do) of Pt/MWNTs as a function of heat-
treatment temperature. Standard deviation in da is -1 nm and error bars in the graph are
based on standard deviation of the mean by considering >200 Pt nanoparticles per sample.
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(c) and (d) Typical HRTEM images and FFT results (inset) of Pt nanoparticles obtained
from 573 K and 673 K, respectively. (e) Schematics of high-index planes observed on Pt
nanoparticles. (f) Average area fractions of all high-index planes observed in the Pt/MWNT
samples as a function of heat-treatment temperatures. The solid circle corresponds to the
573K sample that was cycled from 0.05 to 1.1 V vs. RHE in CO-saturated 0.1 M HClO 4
solution (CO annealing). The calculation of error bars can be found in the experimental
section.
6.3.1 Surface Atomic Structure Characteristics of Pt Nanoparticles. Pt nanoparticles
supported on multiwall carbon nanotubes (MWNTs) were prepared by the single atom to
cluster (SAC) approach26 , which included 1) reduction of H2[PtCl6] with NaBH 4 on
thiolated MWNTs and 2) elimination of the thiol groups by a heat-treatment in H2 to form
Pt nanoparticles (the fraction of Pt in Pt/MWNTs is 20 wt%) in the range from 548 K to
773 K. Pt nanoparticles obtained from different temperatures were found dispersed
uniformly on MWNTs (Figures 6-1 and 6-2). The number-averaged (dr) particle diameters
of Pt nanoparticles obtained from different heat-treatment temperatures in the range from
548 K to 773 K were found very similar, ~2 nm, as shown in Figure 6-lb. Combination of
HRTEM images and their fast Fourier transforms (FFTs) allowed the identification of
surface facets of Pt nanoparticles, and showed that Pt nanoparticles obtained at lower
temperatures exhibited higher fractions of high-index surface facets. Representative
HRTEM images and FFTs of Pt particles in the Pt/MWNT samples heat-treated at 573 K
and 673 K are shown in Figures 6-1c and 6-1d, respectively, where surface atomic
structures are revealed clearly. Not only were low-index surfaces found but also high-index
surfaces in the groups of n(III)x(III), n(iii)x(100), and n(100)x(iii) were noted
(Figures 6-1 c-6- I e).
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Figure 6-2. (a) to (c), Histograms and representative HRTEM micrographs of Pt/MWNT
samples that were heat-treated at 573 K, 673 K, and 773 K, respectively. The histograms
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were measured from at least 200 random selected particles of each sample. The number-
averaged diameter and its standard deviation of Pt nanoparticles of each sample are shown.
The length fractions of low-index and high-index planes along the particle perimeter
projected along the [110] zone axis of individual Pt nanoparticles could be measured from
HRTEM images. The area fractions of all observed high-index surface facets of Pt
nanoparticles were found to decrease with increasing heat-treatment temperature, as shown
in Figure 6-if This trend was particularly notable for stepped surfaces on the (111) terrace,
where the (111) and (100) steps were found to decrease considerably with increasing heat-
treatment temperature (Figure 6-3). The observed changes in the surface atomic structure of
Pt nanoparticles may be explained by considering the formation mechanism of Pt
nanoparticles via single atom to cluster (SAC) approach26 . It is hypothesized that Pt atoms
do not have sufficient mobility nor time to fully reach the thermodynamically stable shape,
namely truncated octahedron 1 '27 with only low-index surfaces of (111) and (100), at lower
heat-treatment temperatures while increasing mobility of Pt atoms at higher heat-
temperatures can reduce and replace high-index surfaces with higher surface energy by
low-index planes with lower surface energy2 8,29 . Remarkably, we note that the area fraction
of high-index planes on Pt nanoparticles can change up to 50% even though there is less
than - 1 nm of difference in the number-averaged (dn) particle diameters of Pt/MWNT
samples obtained in the temperature from 548 K to 773 K in Figure 6-If.
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Figure 6-3. Fraction of low-index [(111) and (100)] and high-index surface planes as a
function of the heat-treatment temperature. The high-index planes are divided into 1) steps
on the (111) terrace, which includes n(111)x(100) and n(111)x(111) having n equal or
greater than 2; 2) steps on the (100) terrace, which contains n(100)x(1 11) having n greater
than 2.
6.3.2 Intrinsic Activity of Pt Nanoparticles for CO Electro-Oxidation. We first
analyzed the electro-oxidation activity of CO on Pt/MWNT samples as CO commonly
serves a model system to understand the electrocatalysis of small organic molecules
6 19'3 0'31
such as methanol. The intrinsic electro-oxidation activity of adsorbed CO (COad) on
Pt/MWNT samples was found to increase with decreasing heat-treatment temperature.
Figures 6-4 and 6-5 show specific activity, defined as current normalized to
electrochemical surface area (ESA) of Pt, as a function of potential versus reversible
hydrogen electrode (RHE). The onset and peak oxidation potentials of COad on the
Pt/MWNT samples shift to lower potentials with decreasing heat-treatment temperature.
Further experimental evidence of enhanced COad electro-oxidation kinetics with decreasing
heat-treatment temperature is provided by chronoamperometric measurements, where the
characteristic time to reach the current maximum can be related to the reciprocal of the
reaction rate constant. With increasing potentials, shorter time was required to reach the
current maximum and to complete CO oxidation, which could be attributed to increasing
adsorption of oxygenated species at higher voltages similar to those reported previously3,19
(Figure 6-6). More importantly, the characteristic time to reach current maximum at a given
potential decreased considerably for Pt/MWNT samples with decreasing heat-treatment
temperature, indicating faster oxidation kinetics. Specific current transients of Pt/MWNT
samples obtained from 548 K and 773 K at 0.73 V are compared in Figure 6-4b, where the
time to reach the current maximum for the 773 K sample is -4 times longer than that of the
548 K sample, and the 773 K sample showed 40% oxidation of COad in comparison to 80%
oxidation for the 548 K sample after 30 s.
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The enhanced specific activity for electro-oxidation of COad on Pt nanoparticles
obtained from lower temperatures (Figure 6-4) can be attributed to increasing and
preferential adsorption of oxygen species associated with water dissociation on higher
fractions of high-index surface facets (Figures 6-if and 6-2). Oxidation of COad in acid is
known to proceed by the Langmuir-Hinshelwood reaction echanism 32, where COad reacts
with adsorbed oxygenated species to form CO 2. Although Arenz et al.' 9 suggest that surface
defect sites can influence COad electro-oxidation of Pt nanoparticles, this study, for the first
time, reveals and quantifies surface under-coordinated sites, namely, high-index surface
facets such as the (111) steps on the (111) surfaces in Figures 6-If and 6-2, which can be
correlated with enhanced intrinsic activity of COad oxidation on Pt nanoparticles. Our
results are in good agreement with the findings reported for the electro-oxidation activity of
COad on single-crystal Pt stepped (111) surfaces, where the intrinsic activity is enhanced
significantly with increasing (111) step density3 . It should be pointed out that the proposed
physical origin of activity enhancement of electro-oxidation of COad in the Pt/MWNT
samples are different from some previous studies of Pt nanoparticles", where decreasing
activity with smaller particle sizes has been attributed to reduced mobility of COad as a
result of stronger adsorption of CO on Pt sites with lower coordination.
Intrinsic activity of bulk CO electro-oxidation was also found to increase on
Pt/MWNT samples with decreasing heat-treatment temperatures. Current was obtained
from scanning a rotating disk electrode (RDE) in a CO-saturated solution as a function of
potential (Figure 6-7). Geometric current densities (normalized to RDE area) of Pt/MWNT
samples heat-treated at 573 K and 773 K are compared in Figure 6-4c. Specific CO
oxidation activity on the oxidized Pt surface in the negative-going scan, which is
normalized to the Pt ESA, was found to increase with decreasing heat-treatment
temperature, as shown in Figure 3c inset. At a potential of 0.7 V vs. RHE, the specific
current of the 573 K sample is 0.13 mA/cm 2pt as compared to 0.03 mA/cm 2pt for the 773 K
sample, indicating higher activity for the samples heat-treated at lower temperatures. In
addition, it is interesting to note that the Pt/MWNT sample obtained at 573 K with a d" of
~2 nm, exhibits much higher specific activity (1 mA/cm 2pt at 0.8 V vs. RHE) than a CO
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annealed, commercial Pt catalyst sample with a smaller diameter having d" of-1 nm (-0.05
mA/cm2pt at 0.8 V vs. RHE) reported previously1 8 . This observation suggests that factors
beyond particle size are important, and knowing the surface atomic structure and chemistry
of nanoparticles is essential to understand, predict and enhance the electro-oxidation
activity of CO on Pt.
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Figure 6-4. CO electro-oxidation activity on Pt/MWNT samples measured at room
temperature. (a) Specific oxidation current (normalized to Pt ESA) of COad on Pt/MWNT
samples in 0.1 M HClO 4 with 5 mV/s. (b) Specific current transients (normalized to Pt ESA)
of the oxidation of COad after the potential was stepped from 0.1 to 0.73 V vs. RHE. (c)
RDE current density (normalized to RDE geometric area) of CO bulk oxidation at 1600
rpm, where the specific activity (normalized to Pt ESA) calculated from current in the
negative potential sweep with 5 mV/s is shown in the figure inset.
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Figure 6-5. CO stripping voltammetry of Pt/MWNTs obtained at (a) Th : 548 K and (b) Th :
773 K with a scanning rate of 5 mV/s at room temperature. Data include voltammogram of
adsorbed CO oxidation (solid line) recorded in 0. IM HClO 4 purged after CO adsorption
with nitrogen for 30 minutes at 0.1 V vs. RHE, and base voltammogram data (dotted line)
after CO oxidation.
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Figure 6-6. Current transients of the oxidation of CO adlayer obtained at (a) Th : 548 K, (b)
Th : 573 K, (c) Th : 773 K. The potential was stepped from 0.1 V vs. RHE to three
potentials near the CO stripping peak potential.
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Figure 6-7. CO bulk oxidation of Pt/MWNTs obtained at 773 K at rotation rates of 100,
400, 900, and 1600 rpm using a rotation disk electrode. The potential region was from 0.5
to 1.1 V vs. RHE at a scanning rate of 5 mV/s in 0. IM HC1O 4.
A very recent study of Pt single-crystal surfaces3 ' has shown that even a modest number
of potential cycling in CO-saturated solution (CO annealing') can dramatically reduce
surface adislands and decrease CO electro-oxidation activity. In addition, CO annealing has
shown to decrease CO electro-oxidation activity of Pt nanoparticles' 8 . However, correlation
between such a structure change and CO electro-oxidation activity on Pt nanoparticles
during CO annealing have not yet been investigated, in spite of significant technical
importance. Pt/MWNT sample obtained at 573 K was cycled in a CO-saturated solution
from 0.1 to 1.1 V vs. RHE at a scan rate of 50 mV/s for 10 minutes (CO annealing).
Intrinsic activity for electro-oxidation of COad (CO stripping data in Figure 6-8a and
chronoamperometric data in Figure 6-8b) and for bulk CO-electro-oxidation (Figure 6-8c)
decreased considerably on Pt/MWNT sample obtained at 573 K after CO annealing. The
number-averaged (dn) particle diameters of Pt/MWNTs heat-treated at 573 K before and
after CO annealing were found comparable, -2.5 nm, as shown in Figures 6-9a and 6-9b.
Two representative HRTEM images of Pt nanoparticles in the Pt/MWNTs after CO
annealing are shown in Figures 6-9c and 6-9d, which reveal that the nanoparticle surface is
covered largely by the (111) and (100) facets. After analyzing HRTEM images of 22
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particles within each sample, the fractions of high-index surface facets of Pt nanoparticles
in Pt/MWNTs heat-treated at 573 K were found to decrease after CO annealing, as shown
in Figure 6-if Earlier work on single-crystal Pt surfaces3 1 has suggested that COad can
assist the diffusion of Pt adatoms and incorporation into step edges of low-index planes
during the CO annealing. Such a process may result in decreased fraction of high-index
surface facets on Pt nanoparticles during CO annealing, which presumably diminishes the
density of active sites for adsorption of oxygen species and thus reduce CO electro-
oxidation activity.
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Figure 6-8. Comparison of CO electro-oxidation activity on Pt/MWNTs of 573 K before
and after CO annealing. (a) Specific oxidation current (normalized to Pt ESA) of COad on
Pt/MWNT sample in 0.1 M HC10 4 with 5 mV/s. (b) Specific current transients (normalized
to Pt ESA) of the oxidation of COad after the potential was stepped from 0.1 to 0.73 V vs.
RHE. (c) RDE geometric current density of CO bulk oxidation at 1600 rpm, where the
165
. ......... .............................................. .  
specific activity (normalized to Pt ESA) calculated from current in the negative potential
sweep with 5 mV/s is shown in the figure inset.
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Figure 6-9. Pt particle size distribution (left axis) and area fraction of high-index planes
(right axis) in Pt/MWNTs heat treated at 573 K before (a) and after (b) CO annealing,
respectively. (c) and (d) Typical HRTEM image and FFT of a Pt nanoparticle in the
Pt/MWNT sample after CO annealing. The calculation of error bars can be found in the
Experimental section.
6.3.3 Intrinsic Activity of Pt Nanoparticles for Methanol Electro-Oxidation.
The specific (Pt-ESA-normalized) activity of methanol electro-oxidation of Pt/MWNT
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samples was found to increase on Pt nanoparticles obtained from decreasing heat-treatment
temperature, as shown in both positive-going and negative-going cyclic voltammetry data
in Figure 6-10a. Cyclic voltammograms of Pt/MWNT samples shown in Figure 6-10a were
recorded typically after 3-5 cycles and the data no longer changed with subsequent cycling
(Figure 6-11). The cyclic voltammogram data of methanol oxidation on Pt/MWNTs can be
explained qualitatively using the following mechanistic understanding established on bulk
Pt surfaces. It is well known that the electrochemical oxidation of methanol follows through
two parallel reactions, in which successive dissociative adsorption of methanol to finally
form COad and oxidation of COad on the surface is recognized as the indirect pathway while
methanol oxidation to form soluble intermediates is called as the direct pathway6 ,33.
Adsorption of methanol first occurs, and continuous dehydrogenation and formation of
adsorbed CO is followed as the potential increases3 4. With further increasing potential in
the positive-going scan, the dissociation of water begins, which provides the oxygenated
species for the Langmuir-Hinshelwood type reaction6 with adsorbed CO to form CO 2. This
reaction rate increases as potential increases until the surface becomes "poisoned" by
surface oxygenated species (the coverage of oxygenated species is too high to obtain the
maximum reaction rate), which leads to a characteristic oxidation peak in the positive-
going scan. At the negative-going scan, oxygenated species are dominant on the surface at
the high potential region, and the reaction rate increases with reduction or removal of
surface oxygenated species and re-adsorption of methanol and carbonaceous intermediates
with decreasing potential. Eventually the surface becomes "poisoned" by carbonaceous
species such as CO as the potential decreases, which gives rise to a characteristic oxidation
peak in the negative-going direction.
Specific currents (based on Pt ESA) at 0.5, 0.6 and 0.7 V vs. RHE in the positive-going
scan of Pt/MWNT samples were found to increase with decreasing heat-treatment
temperature in Figure 6-10b, indicating higher activity for Pt nanoparticles obtained from
lower temperatures (e.g., ~80 and -600 pA/cm2pt for the 548 K sample vs. -50 and ~300
p.A/cm 2pt for the 773 K sample at 0.5 and 0.7 V, respectively). Further evidence for
enhanced specific activity for methanol electro-oxidation on Pt nanoparticles of lower heat-
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treatment temperatures is provided in the chronoamperometric measurements. When the
potential was stepped from 0.1 V to 0.7 V (RHE), the specific current was found to
decrease sharply in the first 0.1 s and gradually approach a steady-state value at longer
times, as shown in Figure 6-10c. The Pt/MWNT sample of 573 K, which had a higher
fraction of high-index surface facets, was found to have a steady-state specific current after
900 s, which is -200% that of the 773 K sample, as shown in Figure 6-10c inset. It should
be noted that the specific current values of Pt/MWNTs after 900 s are comparable to those
from cyclic voltammetry data at 0.7 V vs. RHE (Figure 6-10b), which indicates that Pt
nanoparticles of -2 nm in this study are reasonably stable for methanol oxidation, and our
cyclic voltammetry data are representative of those under steady-state conditions.
- Th :548 K
-Th :573 K
-- T :773 K
0.0 0.2 0.4 0.6 0.8 1.0 1.2
E (V RHE)
0.2 0.4 0.6
Time (s)
0.8 1.0
(b)
E
500 550 600 650 700 750 800
Heat-Treatment Temperature (K)
(d)1.2 ,.............
Tb: 54 K
a 1.0 T,: 573 K
0.8 T, : 673K
o T :7 73 K 150.6
.!Q04 ~*
00.2
o 0.6 0.8 1.0
0.0 0.6 0.8 1.0 1.2
Normalized Fraction of High Index Planes (W)
168
(a)
IC4
E
E
(c)
E
0.7 V (RHE)
0 0.6 V (RHE)
13 0.5 V (RHE)
0
15- 10 U
E0
0.1
-_LTl' :548K 
-
- T : 573 K
-T :773 K
0 200 400 600 800
Time (s)
0
0.0
Figure 6-10. Methanol electro-oxidation activity on Pt/MWNT samples measured at room
temperature. (a) Cyclic voltammograms for methanol electro-oxidation of Pt/MWNT
samples, where specific current is normalized to the Pt ESA. The data were recorded with
50 mV/s from 0.05 to 1.1 V vs. RIHE. (b) Specific currents (normalized to Pt ESA) at
different potentials (RHE) in cyclic voltammograms. (c) Specific current transients
(normalized to Pt ESA) of the electro-oxidation of methanol in the first second, and of the
long-time response to 900 s in the inset, which were recorded upon imposing a voltage step
from 0.1 to 0.7 V vs. RHE. Measurements were conducted in an N2 saturated solution of 1
M CH30H in 0.1 M HClO 4 . (d) Intrinsic methanol oxidation activity as a function of area
fraction of high-index planes normalized to the 548 K sample. Inset compares specific
methanol oxidation charge in the positive-going scan of cyclic voltammogram with the area
fraction of high-index planes normalized to the 548 K sample. The calculation of error bars
can be found in the Experimental section.
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Figure 6-11. Cyclic voltammograms for methanol oxidation reaction for Pt/MWNTs
obtained at 573 K. The potential cycles were recorded at a scan rate of 50 mV/s from 0.05
to 1.1 V (RHE) in N2 saturated a solution of 1M CH30H in 0.1 M HClO4 at room
temperature. Steady-state cyclic voltammetry curves are reached typically after ~5 cycles.
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Increasing the electro-oxidation activity of methanol on Pt nanoparticles in the Pt/MWNT
samples obtained at lower heat-treatment temperatures in Figures 6-10a-c can be attributed
largely to higher fractions of surface steps shown in Figure 6-if As Pt surface step sites
can promote dissociative chemisorption of methanol to form COad7 , increased electro-
oxidation activity of COad observed on Pt nanoparticles obtained from lower temperatures
(Figure 6-4) suggests enhanced reaction kinetics for indirect methanol oxidation. In
addition, surface steps on single-crystal surfaces4 are shown to promote the kinetics of
direct methanol oxidation. Therefore, enhanced reaction kinetics for direct methanol
oxidation on surface under-coordinated sites of Pt nanoparticles can also contribute to the
enhanced intrinsic activity of methanol oxidation on Pt/MWNTs obtained from lower heat-
treatment temperatures. In order to quantify the influence of high-index surface facets of Pt
nanoparticles on the intrinsic activity of methanol oxidation, specific current of methanol
oxidation in the positive-going cyclic voltammetry scan of Pt/MWNT samples, which was
normalized to that of 548 K, is plotted as a function of area fraction of high-index planes
normalized to that of 548 K, as shown in Figure 6-10d. A linear correlation exists between
normalized, specific activity for methanol oxidation and normalized area fraction of high-
index surface facets for current collected at 0.5, 0.6 and 0.7 V vs. RHE. In addition, the
specific charge (based on Pt ESA) associated with methanol electro-oxidation in the
positive-going scan showed a linear trend with the normalized area fraction of high-index
planes, as shown in Figure 6-10d inset.
It should be pointed out that the Pt/MWNT sample of 548 K was found to have
considerably higher specific activity (up to an increase of ~200% at 0.5 V vs. RHE) for
methanol oxidation than a commercial, supported Pt catalyst (Tanaka Kikinzoku
International, Inc.) 35 of a comparable particle size and distribution (Figure 6-12a). These
results show that increasing step densities on Pt nanoparticles of very comparable sizes and
size distributions can greatly enhance the intrinsic activity for methanol electro-oxidation,
and the magnitude of activity enhancement can be correlated with the amount of surface
steps on nanoparticles. In addition, Pt/MWNTs obtained at 573 K showed no loss of
activity for methanol electro-oxidation in the potential region from 0.5 to 0.7 V vs. RHE
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during potential cycling from 0.05 to 1.1 V vs. RHE in an N2 saturated solution of I M
CH30H in 0.1 M HClO 4 (methanol annealing) up to 250 cycles, as shown in Figure 6-12b.
This result suggests that surface structural changes of Pt nanoparticles associated with
methanol electro-oxidation are not significant. It is interesting to contrast that CO annealing
leads to significant reduction in the surface step density and activity for CO electro-
oxidation while methanol annealing appears to have no effect on either the surface atomic
structure nor activity for methanol electro-oxidation. As previous studies have suggested
that COad can facilitate surface Pt atom diffusionl, greater stability for the methanol
electro-oxidation activity on Pt/MWNTs during cycling in a methanol solution than CO
electro-oxidation in a CO saturated solution may be attributed to lower surface COad on Pt
nanoparticles in methanol at high potentials, where further studies are needed to provide
details. This finding suggests that Pt nanoparticles with increasing surface steps can have
long-term activity enhancement and stability for methanol electro-oxidation.
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Figure 6-12. (a) Cyclic voltammograms for methanol electro-oxidation for Pt/MWNTs
obtained at 548 K (dn: 1.9 nm) and a TKK Pt 46 wt% (do: 2.1 nm) sample that is commonly
used in fuel cells. The potential cycles were recorded at a scan rate of 50 mV/s from 0.05 to
1.1 V (RHE) in N2 saturated a solution of IM CH30H in 0.1 M HClO 4 at room temperature.
(b) Methanol electro-oxidation current of Pt/MWNTs of 573 K as a function of cycle
number, which were measured at different potentials (RHE) in the postive-going sweep.
The currents were recorded during potential cycling with 50 mV/s from 0.05 to 1.1 V vs.
RHE in an N2 saturated solution of 1 M CH30H in 0.1 M HClO 4 at room temperature.
6.4 Results and Discuss Part 2: Comparing the Role of Surface Steps of Pt
Nanoparticles on the Electrochemical Activity for Oxygen Reduction and
Methanol Oxidation
ORR activity of Pt/MWNT samples was measured using a rotating disk electrode
(RDE) and linear sweep voltammetry in 0 2-saturated HClO 4 electrolyte (Figure 6-13a). The
electrochemical surface area (ESA) of Pt nanoparticles was obtained from integrating the
charge associated with hydrogen desorption in the 0 2-free electrolyte (Figure 6-14).
Specific ORR activity normalized to the Pt ESA is independent of heat-treatment
temperature in Figure 6-13b, which indicates that surface steps on Pt nanoparticles do not
greatly influence intrinsic ORR activity. Specific ORR activity of Pt nanoparticles at 0.9 V
vs. RHE is ~200 A/cm2pt, which is in good accordance with reported specific activity for
Pt nanoparticles of comparable sizes in HClO 4.is,21,35
It is interesting to compare the role of surface steps on Pt nanoparticles on the intrinsic
activity of ORR with that of MOR. Specific ORR activity at 0.85 V and specific MOR
activity at 0.5 V (current density in the positive-going cyclic voltammetry) 24 is plotted as a
function of area fraction of surface steps normalized to that of 548 K (Figure 6-15).
Specific ORR activity at 0.85 V is independent of normalized area fraction of stepped
surfaces while MOR activity linearly increases with the amount of stepped surfaces on Pt
nanoparticles.
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Figure 6-13. a) ORR polarization curves of a Pt/MWNT sample heat-treated at 773 K
(denoted as Pt/MWNT-773 K). Experiments were conducted in 02 saturated 0.1 M HClO 4,
with a scan rate of 10 mV/s. b) Specific ORR activity of Pt/MWNT samples at 0.85 V and
0.9 V vs. RHE as a function of heat-treatment temperature, which was obtained from the
positive-going scan at 1600 rotation per minute (rpm).
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Figure 6-14. Cyclic voltammograms of Pt nanoparticles obtained from different heat-
treatment temperature in 0. 1M HC10 4 at a sweep rate of 20 mV/s at room temperature.
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Figure 6-15. Specific MOR (left axis) and ORR activity (right axis) as a function of area
fraction of stepped surfaces normalized to the 548 K sample. Specific MOR activity was
measured at 0.5 V vs. RHE after subtraction of the double layer current. Specific ORR
activity was measured at 0.85 V vs. RHE at 1600 rpm.
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Figure 6-16 a) Cyclic voltammograms during potential cycling on Pt/MWNT-573 K in a
CO-saturated 0.1 M HClO4 solution from 0.1 to 1. 1 V vs. RHE at a scan rate of 50 mV/s
for 10. minutes (CO annealing) at room temperature. b) Comparison of cyclic
voltammograms on Pt/MWNT-573 K before and after CO annealing. The potential cycles
were recorded at a scan rate of 20 mV/s from 0.05 to 1.1 V (RHE) in an N2 saturated 0.1 M
HC10 4 at room temperature.
Conducting a CO annealing experiment can further contrast the role of surfaces
steps on the ORR and MOR activity of Pt nanoparticles as CO annealing 19 is shown to
reduce adislands and stepped surfaces on Pt single-crystals31 and Pt nanoparticles. 24 Cyclic
voltammetry of Pt/MWNT-573 K was cycled in a CO-saturated solution (CO annealing)
from 0.1 to 1.1 V vs. RHE at a scan rate of 50 mV/s for 10 minutes (Figure 6-16), which
was shown to reduce surface steps on Pt nanoparticles.24 There was a negligible change in
the specific ORR activity of Pt/MWNT-573 K after CO annealing (Figures 6-13b and 6-17),
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further confirming that intrinsic ORR activity on Pt nanoparticles is insensitive to surface
steps. On the other hand, a considerable decrease in MOR activity after CO annealing was
noted (Figure 6-18), clearly showing strong dependence of intrinsic MOR activity on the
surface steps. This result can be explained by previous single-crystal studies, where surface
steps are shown to promote the MOR activity by providing active sites for the dissociative
chemisorption of methanol to form adsorbed CO, further assisting the Langmuir-
Hinshelwood type reaction 2 between adsorbed CO and oxygenated species, and enhancing
direct oxidation of various intermediates of methanol.4 Therefore, a small increase in the
amount of surface steps on Pt nanoparticles can enhance MOR activity considerably but not
ORR activity.
0.94
0.92
M 0.90
w 0.88
0.86 -Th: 5 7 3 K
-- ST :573 K (CO Annealed)
0.841
0.01 0.1 1 10
j,/mAcm ,,
Figure 6-17. Comparison of Tafel plots of ORR specific activity on Pt/MWNT-573 K
before and after CO annealing at room temperature. Tafel plots were obtained from the
polarization curves in the positive-going scans at 1600 rpm, which was normalized to Pt
electrochemical surface area (Figure 6-14).
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Figure 6-18 a) Comparison of cyclic voltammograms for methanol oxidation activity on
Pt/MWNT-548 K before and after CO annealing at room temperature. The potential cycles
were recorded at a scan rate of 50 mV/s from 0.05 to 1.1 V (RHE) in N2 saturated a
solution of 1M CH30H in 0.1 M HC10 4 at room temperature. b) Specific currents
(normalized to Pt ESA) at different potentials (RHE) in cyclic voltammograms.
Previous work has suggested that increasing coverage of surface oxygenated species
on Pt nanoparticles can reduce ORR activity1 8 at high potentials but increase MOR
activity4' at low potentials. First-principle studies have shown stronger binding of
oxygenated species36 on the surface steps (with upshifted d band center relative to the
Fermi-level 37,3 8). To provide further insights to the surface coverage of oxygenated species
on Pt nanoparticles with different amounts of surface steps, we examine normalized Pt L3 -
edge X-ray absorption near edge structure (XANES) spectra of Pt/MWNT-573 K and 773
K, which were collected in-situ in an electrochemical cell25 as a function of potential
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(Figures 6-19a and 6-20). First to note is that the white line intensity increases with
electrode potential. Chemical adsorption of oxygenated species such as OH and 039'40 on Pt
can lead to the appearance of unoccupied antibonding states above the Fermi level, and thus
an increase in the L3 X-ray absorption edge can be attributed to higher coverage of
adsorbed oxygenated species on nanoparticle surfaces. Second, the difference in the values
of Pt L3 edges of the Pt/MWNT-573 K and 773 K diminishes with increasing potential, as
shown in Figure 6-19b. Higher value of Pt/MWNT-573 K compared to 773 K at lower
potential region (< ~0.5 vs. RHE, Figure 6-20b) can be contributed to preferential
adsorption of oxygenated species on surface steps, which can explain higher MOR activity
of Pt/MWNT samples with more step sites. On the other hand, similar values for
Pt/MWNT-573 K and 773 K at high potential region (> -0.8 V vs. RHE) reflect
comparable coverage of oxygenated species (per Pt atom) on Pt nanoparticles. As the
fraction of atoms on the terrace sites is much greater than that associated with stepped
surfaces (< -20%, Figure 6-3) for all Pt/MWNT samples, coverage of oxygenated species
on major surface sites - terrace sites would dominate the values from XANES
measurements. Comparable values of Pt/MWNT-573 K and 773 K at high potentials
suggest that the coverage of surface oxygenated species associated with surface steps were
not markedly higher than those of terrace sites.
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Figure 6-19. a) XANES spectra obtained with the Pt/MWNT-573 K at the Pt L3 edge at
three different potentials. b) Comparison of values extracted from the XANES spectra for
Pt/MWNT-573 K and 773 K as a function of potential in 1 M HClO 4.
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Figure 6-20 (a) XANES spectra obtained with the Pt/MWNT-773 K at the Pt L3 edge at
four different potentials. (b) Comparison of XANEs spectra for Pt/MWNT-573 K and 773
K at 0.41 V vs. RHE. Data were collected in fluorescence mode with the in-situ
electrochemical cell25 at different electrode potentials in 1.0 M HClO 4 at room temperature.
Surface steps do not appear to govern ORR activity of nanoparticles of -2 nm (Figure
6-21). Considering experimental findings21'35 of an order of magnitude drop in ORR
activity from bulk to nanoparticle (-2 nm) surfaces and computational results of a 4-time
reduction in ORR activity from 10 nm to 2 nm,4 1 the sizes of the { 111 } and { 100} terraces
may greatly influence the ORR activity. In contrast, minority sites involving surface steps,
which have higher oxygenated species at low potentials (Figure 6-19b) and markedly
enhanced activity for MOR, dominate the intrinsic MOR activity of nanoparticles.
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Figure 6-21. HRTEM image of a Pt nanoparticle in Pt/MWNT-673 K. Active sites on the
nanoparticle terraces dominate ORR activity while active sites involving surface steps
governs MOR activity at low potentials.
6.5 Conclusions
This work, for the first time, characterizes and quantifies the role of surface steps on Pt
nanoparticles in electro-oxidation of CO and methanol with sizes of practical relevance.
This study demonstrates that insights from single crystal studies are significantly relevant
for understanding the behavior of small nanoparticles. A linear relationship between the
intrinsic activity (Pt ESA normalized current) and the amounts of surface steps is shown.
The CO oxidation activity, together with the incidence of high-index facets on Pt
nanoparticles, is reduced after extensive cycling in CO-saturated solution (CO annealing).
Interestingly, a corresponding decrease for methanol oxidation activity is not observed
upon cycling in methanol. Increasing step densities on Pt nanoparticles of ~2 nm can
enhance specific activity based on Pt ESA up to 200% towards electro-oxidation of carbon
monoxide and methanol. The enhanced intrinsic activity for methanol electro-oxidation
observed in these Pt/MWNT catalysts can translate to reduction of Pt weight up to 200%
for a given fuel cell current output. Of significance, this research suggests that strategies to
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increasing surface steps such as the n(1 11)x(1 11) type on nanoparticles offer promise for
finding new highly active electrocatalysts for electro-oxidation of small organic molecules.
In addition, we show ORR activity of Pt/MWNTs independent of the fraction of surface
steps on Pt nanoparticles of -2 nm. This is in contrast to a linear relationship between the
fraction of surface steps on nanoparticles and MOR activity, which highlights the
significant role of surface steps in enhancing intrinsic activity of MOR. This study contrasts
the influence of surface steps on Pt nanoparticles for ORR and MOR by extending the
insights from single crystal studies onto nanoparticles. The understanding can be directly
utilized to design highly active ORR and MOR novel electrocatalysts for energy conversion
and storage devices.
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Chapter 7. Conclusion and Perspective
In this thesis, layer-by-layer (LbL) assembled multiwall carbon nanotube (MWNT)
electrodes were designed for energy storage and conversion devices. The novel LbL-
MWNT electrodes consist of repeated, sequential immersion of substrates into positively
and negatively charged MWNT aqueous solutions. LbL-MWNT electrodes' have an inter-
penetrating network structures that can achieve high electronic conductivity, and the well-
developed porous structures between the MWNTs could create fast ion diffusion channels
to facilitate ion transport. In addition, LbL-MWNT assembly is additive-free carbon
electrode that contains no insulating polymer binders allowing fast electron transport to the
entire electrode structure. These electrodes were observed to have mass density of 0.83
g/cm 3 after heat treatment, which is among the highest reported for carbon electrodes, and
high volumetric capacitance (132 F/cm 3) in aqueous electrolyte (IM H2 SO4),' which is
higher than conventional carbon electrodes.2 4
Further increases in the capacitance of the LbL-MWNT electrodes were achieved
via the incorporation of nanoscale inorganic oxides or organic molecules with
pseudocapacitive properties. Inorganic oxides such as MnO 2 and RuO 2 have been
incorporated to increase volumetric capacitance in LbL-MWNT electrodes using electroless
redox deposition5 and square-wave pulse potential deposition methods. Figure 7-1 shows
that the volumetric capacitances of LbL-MWNT/MnO 2 and LbL-MWNT/RuO 2 composite
electrodes increase up to 1000 F/cm3 in aqueous electrolytes. It was examined the
electrochemical characteristics of such composite LbL electrodes in aqueous electrolytes as
the electrodes of electrochemical capacitors, where it is possible to precisely control both
the capacity and the capacitance of the electrodes. It will be interesting to explore the
energy and power characteristics of such composite LbL electrodes in lithium nonaqueous
cells as asymmetric electrochemical capacitors, where it could potentially increase the
energy and power densities of LbL-MWNT electrodes.
186
1200
LBL-MWNT I RuO2
S1000
E
.2 800
U-
0 600
0 400 LBL-MWNT I MnO2
MWNT/Graphone
20 -MWNTIMWNT
0
Figure 7-1. Comparison of the volumetric capacitance (F/cm3) in aqueous electrolytes for
various LbL assembled electrodes.
An asymmetric electrochemical capacitor, also referred to as a hybrid
electrochemical capacitor, combines a battery-like electrode with a capacitor-like electrode,
bridging the energy and power performance gap between batteries and electrochemical
capacitors. Recent review papers2,6 proposed this technology as a promising and new
energy storage system that combines the high energy density of batteries with the high
power and long cycle lifetime of electrochemical capacitors. In this thesis, it was shown
that high energy densities (200 Wh/kg) of MIWNT electrodes in lithium cells at exceptional
power (100 kW/kg). The high energy densities of LbL-MWNT electrodes can be attributed
to the Faradaic reactions between lithium ions and surface functional groups on MWNT
electrodes (rending high pseudo-capacitance), which can be accessed in the voltage window
from 1.5 V vs. 4.5 V vs. Li in a nonaqueous electrolyte (not accessible in aqueous
electrolytes). In addition, these LbL-MWNT electrodes were assembled and evaluated in a
lithium-metal-free, asymmetric cell, which showed much higher energy densities with
comparable power and cycle life relative to conventional symmetrical and asymmetrical
electrochemical capacitors.
The LbL-MWNT electrodes in lithium cell have higher energy densities to
conventional lithium storage electrode materials at high power demands. If we compare
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MWNT electrodes with the state-of-the-art high-power lithium storage technologies,
MWNT electrodes reported herein can deliver considerably higher power (~200 Wh/kg at
~100 kW/kg) than high-power LiFePO4 lithium battery electrodes 7'8 reported very recently.
Energy, power and lifetime characteristics of MWNT electrodes were further evaluated in a
lithium-metal-free cell for completeness and safety considerations for practical applications,
where the lithium metal counter electrode was replaced with a lithiated titanium oxide
Li4 TiO 1 2 (LTO) electrode. Using a conservative assumption that the packaged specific
energy of practical devices to roughly 1/5 of electrode specific energy, specific energy of
LTO/LbL-MWNT storage devices can be estimated to be ~30 Wh/kgceu, which is
significantly higher than that of current electrochemical capacitors (- 5 Wh/kgcen). 2
Utilizing Faradaic reactions of functional groups on carbon surfaces for energy storage is a
promising approach to develop electrode materials for high-power and high-energy storage
devices. Estimated packaged gravimetric energy densities of Li/LbL-MWNT and
LTO/LbL-MWNT devices (based on the assumption that packaged gravimetric energy
density of practical devices is roughly 1/5 of gravimetric electrode energy density) was
compared and overlaid with those of electrochemical capacitor, Ni-MH and Li-ion batteries
in the following Ragone plot shown in Figure 7-2,2 which was published recently in Nature
Materials 2008. It is evident that Li/MWNT and LTO/MWNT devices (blue circular
regions in the graph) can potentially provide higher packaged gravimetric energy densities
at higher gravimetric power relative to Li-ion batteries while they provide much higher
gravimetric energy densities at comparable gravimetric power to electrochemical capacitors.
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Figure 7-2. Blue circular regions show estimated gravimetric energy and power density of
an asymmetric EC device assembled with LBL-MWNT for positive and Li or LTO for
negative electrode. Higher power density for LBL-MWNT devices are observed over Li-
ion batteries at comparable energy density. Red dashed area is expected range of future
development in EC devices using LbL approach. Adapted from Ref 2 (Nature Materials 7,
845-854 (2008)).
With regard to the practicality of this LbL technique, unlike Langmuir-Blodgett
techniques based on assembly of surface-active materials on a trough, the electrostatic
layer-by-layer assembly process requires no specialized equipment, is highly stable and can
be used to generate films with great ease under common conditions. Although the LbL
process has traditionally been implemented in many laboratories via automated
programmed dipping processes with cycle times on the order of several minutes, automated
misting LbL methods that involve the alternate spraying of positively and negatively
charged species onto the substrate have been demonstrated in many groups, including our
own. To decrease electrode fabrication time as well as increase LbL electrode thickness
(>10 pim) and area (>1 cm 2), it will be employ a rapid and potentially lower cost fabrication
process by using a newly developed and patented automated spraying system for LbL
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electrodes, as shown in Figure 7-3. Uniform LbL films similar to those created with
dipping are generated using off-the-shelf, common commercial equipment, and
nanomaterials can be incorporated into LbL films quite rapidly and over very large areas
using adaptations of this method. The automated spray process utilizes cycle times as
short as 2 seconds, and cuts down the processing time by as much as 70 to 100 time9.
Notably, the high surface area, chemical functionality and high porosity, combined with the
absence of CNT aggregation and lack of binder in these systems yield materials that
outperform other systems significantly in electrochemical properties while maintaining a
simple and easily implemented water-based process of controlled assembly.
Figure 7-3. Automated mister for constructed for spray-LBL in the Hammond laboratory
at MIT capable of fabricating -100 cm2 electrodes. Arrows indicate mist jets (right) and
target (left).
Finally, there are a large number of applications that require microscale energy
storage such as Micro-electro-mechanical systems (MEMS) devices, energy harvesting
microsystems, and sensors'0 . Conformal coating of LbL-MWNT electrodes can be
deposited on various 2D or 3D substrates, including silicon or silicon carbide wafers, glass,
polymers, for the development of high-energy and high-power density thin-film
electrochemical capacitors. It was demonstrated that patterned LbL-MWNT electrodes can
be deposited on a silicon wafer and flexible ITO-coated PET film as shown at Figure 7-4.
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(Manuscript (Byeong-Su Kim, Seung Woo Lee, Hyeonseok Yoon, Michael S. Strano,
Yang Shao-Horn, and Paula T. Hammond ) including the Figure was submitted). The LbL-
MWNT electrodes of this work are also suitable for energy capturing and storage
associated with MEMS and Microsystems, transparent thin film electrodes (below 100 nm),
photovoltaic devices, and thin film flexible energy storage devices4 such as smart cards and
e-books.
B-
Figure 7-4. (a, b) Representative (left) optical microscope and (right) SEM images of
patterned MWNT multilayer film on a silicon wafer, (c) photograph of MWNT pattern
transferred on a flexible ITO-coated PET film. All are 5 bilayers of MWNT film.
Manuscript (Byeong-Su Kim, Seung Woo Lee, Hyeonseok Yoon, Michael S. Strano, Yang
Shao-Horn, and Paula T. Hammond ) including the Figure was submitted.
In conclusion, I strongly believe that interest in the LbL process will continue to
grow as it allows a "bottom-up" synthesis technique in which electrode properties can be
engineered and fine-tuned at the most fundamental level. Furthermore, novel LbL-MWNT
electrodes tackle one of the grand challenges in electrochemical energy storage technology,
which is improving energy storage to meet the requirements of new transportation
technologies, increase the functionality of portable electronics and provide load-leveling for
solar and stationary power applications.
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